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ABSTRACT 


A compilation has been made of experimental data concerning energy levels of nuclei in th 
Z-region 77-84. The data include spin, parity and lifetime of the levels as well as energy and 
version ratios of the multipole transitions involved in their de-excitation. K/L and (Lj +. Zy)/Lm 
conversion ratios are found to agree reasonably well with the values obtained from Rose’s tables. 
Regularities in level separations are pointed out and the appearance of certain levels is discussed . 
on the basis of single-particle shell model predictions. A comparison is made between experiment- 
ally determined y-transition probabilities for Z2, H3, £4, E5, and M4 transitions and those . 


calculated from single-particle theory. A marked influence of the magic numbers Z = 82 and N = 
126 shows up both in level separations and in transition probabilities. Special attention is payed 
to the present theoretical and experimental knowledge of levels in nuclei in the immediate neigh- | 


‘bourhood of the double magic Pb. 


S| 
P| 


1. Introducticn 
1.1. Scope and purpose of the study | 

Nuclei with proton and neutron numbers near the closed shells 82 and 126, respec- 
tively, are often referred to as belonging to the (nuclear) lead region. The significance 
of this region from a nuclear spectroscopic point of view is intimately connected 
with the double shell closure appearing in Pb?°. 

The nuclei ~5 Pb207, *} Pb29, _? T1207, and ,° Bi?°®, which all have one nucleon more 
or less than the “‘hard core” of Pb?°® as indicated by the superscripts (AN) and sub- 
scripts (AZ) preceding the symbols, should exhibit a sequence of low-lying energy 
states in particularly good agreement with the single-particle levels of the strong 
spin-orbit coupling shell model.! Of these four nuclei, Pb2°? is the most well known 
and the correspondence between experimentally established levels and those predicted | 
by the shell theory is very striking. 

The importance of the one-particle nuclei for the theoretical treatment of levels 
in neighbouring nuclei may be compared with that of the hydrogen levels in solving 
atomic problems. In fact, calculations on the basis of experimentally established 
level energies in Pb?°? have been performed, leading in some cases to even quantita- 
tive agreement with experiments. With the present methods of calculation, however, 
it seems to be of a limited value to compare theory and experiment when the sum 
of holes and nucleons outside the core exceeds four. This defines a very restricted. 
“lead 208 region” which will be discussed in some detail in section 3.1 of this paper. 

On the other hand, single-particle features may be traced further away from the 

1 For clarity it may be remarked that the term single-particle level will be used for energy 


states of odd mass nuclei where the spin is determined solely by the single unpaired nucleon, 
irrespective of the total number of excessive nucleons or holes, 
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¢ ouble shell closure, notably towards lower Z and N values. Thus we have considered 
it reasonable to include all known experimental material on levels in lead, thallium, 
2 nd mercury in our survey. The lead region in this broader sense is especially interest- 
ing from the point of view of isomerism. The typical single-particle states 4413/2 and 
Ayyj2, for instance, may be expected to show up in odd mass isotopes of lead and 
‘mercury and of thallium, respectively, and should also give rise to high spin levels in 
the even mass isotopes. 
_ An extensive and fruitful search for isomeric transitions in this region has been 
performed by various groups in Sweden. The present authors have been intimately 
associated with these investigations. The need for a summary of the experimental 
knowledge obtained so far forms the basic reason for undertaking this review work. 
_ Obviously the lower Z-limit to the lead region is quite arbitrary. As is well known, 
nuclear energy levels in the rare earth region and in the uranium region show collec- 
tive features. Platinum is a typical boundary case. Vibrational levels are identified 
in the even-even isotopes, while three 7,3/.—>/;/. transitions are known in the odd 
platinum isotopes. Similarly there is evidence of h,,/, levels in iridium. Thus when 
systematic trends are discussed we have often included also cases in elements such as 
gold, platinum, and iridium which are believed to be significant for comparisons with 
the single-particle shell model. It may be remarked that in some respects the present 
paper constitutes a continuation and extension of Mihelich’s and de-Shalit’s work on 
regularities in Hg, Au, and Pt [6M54]. 
Besides the behaviour of level spacings, which is the main subject of chapters 2 
-and 3, we have in addition reviewed the gamma-transition probabilities and internal 
conversion ratios for H2 and higher multipole orders (chapter 4). Transition proba- 
_bilities are known to offer the most direct way of confronting experimental findings 
with theory. In the region concerned a comparison with the expected probabilities of 
, single-particle transitions is certainly of special interest. 

In several ways the nuclear spectroscopist is dependent on internal conversion data 
for the interpretation of experimental results. We have, therefore, considered it of 
practical importance to test the validity of the available tables of theoretical conver- 
sion coefficients. This is done by comparing the calculated and measured conversion 
ratios K/L and (L,;+L,_)/Ly_. As further discussed in section 4.3 there is even a 
slight possibility that nuclear properties may show up in such a comparison. Of 
course a direct study of the conversion coefficients and not only of their ratios would 
be of considerable interest but unfortunately the experimental material is not very 
extensive. We believe, however, that accurate measurements of conversion coeffi- 
cients will receive increased attention in the near future. 

To summarize, the experimental data compiled include energies, conversion ratios, 
and multipolarities of transitions between nuclear energy levels together with level 
properties such as spin, parity, and lifetime. Though we have been mainly concerned 
with single-particle levels the work has meant a general survey and revision of level 
schemes in the lead region. These will be published separately as Part II of this 
paper. 

It should be stressed that the only or primary purpose of our work has not been 
to seek explanations of the various trends and regularities revealed. We have as much 
aimed at a critical examination of existing experimental data in order to make clear 
which assignments and values are certain or reasonable and in which cases improved 
measurements are needed. For this reason a few remarks on the experimental methods 
underlying the information used may be appropriate. 
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1.2. General experimental background 


1.21. Beta- and gamma-ray spectrometry 
Most of the information comes from the study of beta decay (f-, Bt, and electron” 
capture) and the decay of isomeric states. Though in many cases a large number of | 
levels are observed, it must be kept in mind when comparing experiment and theory 
that due to beta and gamma selection rules all possible levels are not populated in the 
decays. ; 

The assignments of levels emerge from observation of changes in energy, angular : 
momentum, and parity. Such information may be obtained by studying the emission 
of gamma-rays, conversion electrons, or electron pairs when the nucleus goes from 
one state to another. Gamma-ray intensities and energies may be measured in a 
crystal spectrometer with the technique developed by DuMond and his collaborators 
[5D55]. Unfortunately this method requires sample strengths of the order of 1C and - 
has therefore a limited applicability. 

The rapid development of high transmission beta spectrometers has provided a 
powerful tool for measuring gamma-ray energies and intensities as well as electron 
energies and intensities. Especially the two-directional focusing spectrometers have 
proved to be very useful. A great part of the investigations reviewed in this paper 
has been made in such spectrometers. Their main advantage is that sources many 
hundred times weaker than those required in the crystal spectrometer can be used for 
the same accuracy. It has been doubted whether one can rely upon electron intensi- 
ties measured in iron-yoke double focusing spectrometers. Bergkvist [4B57] has re- 
cently shown that these instruments give correct intensities within 1 % even if the 
window curve of the spectrometer may vary considerably because of different pre- 
magnetization. 

Gamma-ray intensities can in principle be determined in an electron spectrometer 
by measuring the intensities of photo electrons from external conversion. A difficulty 
has been the poor knowledge of the energy and angular dependence of the photo 
electron cross section. This was recently studied in the case of uranium by Hult- 
berg et al. [10H55, 3N57a], who could use their results to determine the intensities 
of 20 gamma-rays in Pb, 

The high accuracy in energy measurements which may be achieved both with 
gamma and electron spectrometers is indispensible in studying complicated level 
schemes. If the first excited state is known (which is often the case, for instance from 
alpha-decay or Coulomb excitation) other levels may be obtained by constructing all 
possible energy sums and differences. Many of the gamma-rays observed in lead and 
bismuth isotopes, for instance, are known with an energy accuracy of about 5:10+. 
This makes possible the construction of a reasonable though not necessarily correct 
level scheme which can be used as a guide in coincidence measurements. It is evident 
that a higher energy accuracy decreases the number of accidental sum ups and thus 
quicker leads to an acceptable level order. 

A high precision in energy determinations is of considerable importance also in 
studying gamma-transition probabilities (cf. 4.2). The matrix elements of M4 
transitions in lead, for instance, are so constant that an energy accuracy of about 
1:10° proved necessary in looking for any significant differences. 
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1.22. Information from alpha-decay , 


s Isotopes of elements down to thallium are members of well-known alpha-decay 
. chains. In many cases fine structure studies of the alpha-rays have been made, 
giving information about excited levels in the daughter nuclei. The level spacings are 
obtained as differences between alpha-branches with energies in the MeV region. 
Thus, even if magnetic spectrometers are used in the alpha-measurements, the rela- 
“tive energy accuracy for the low-lying states concerned must necessarily be low 
4 compared with that of electron spectrometry. The reliability of alpha-decay systema- 
_ tics, however, makes this type of information very valuable. In particular the energy 
_of the first excited state in several nuclei is unambiguously suggested. For more 
_ exact determinations of the energy spacings between levels populated in alpha-decay 
the methods discussed in the preceding section may of course be used as comple- 
ments, and alpha-gamma coincidence measurements have proved to be a useful 
- technique. 
__ It is not within the scope of this paper to review the present situation of alpha 
systematics; the reader is referred to recent articles by Perlman and Rasmussen 
{[8P56] and Fréman [5F57]. As far as the lead region is concerned, however, it is 
- quite apparent that much work remains to be done, especially on the neutron-defi- 
_cient side. In some cases the short half-lives may have prevented a closer study of 
the decays. This difficulty seems to be largely overcome by the promising technique 
introduced by Tove [1T57a], involving pulsed cyclotron irradiation, energy analysis 
in the cyclotron magnet, and simultaneous lifetime determination in a multi-channel 
time analyser. 


1.23. Particle reactions 


. 


The study of charged particles or neutrons emitted in simple nuclear reactions is 
a way of acquiring knowledge about excited states of nuclei. For practical reasons 
such experiments are limited to the stability region. Thus in the actual case the stable 
isotopes of Hg, Tl, Pb, and Bi can be used as target materials in investigations of 
levels in the region around Pb? (cf. Fig. 8 p. 438), which from a theoretical point 
of view is particularly interesting (cf. 3-1). 

Because of the Coulomb barrier, charged particles used as projectiles must have 
a considerable energy. This means that extremely good resolution is required of the 
energy analysing equipment in order to determine low-lying energy levels from the 
energies of charged particles emitted in nuclear reactions. Harvey has studied (d,p) 
and (d,t) reactions in the isotopes of lead and bismuth [9H53]. In a typical case the 
protons from Pb? (d,p) reactions had energies in the region 12-16 MeV. Harvey 
analysed the protons and tritons in a triple coincidence ionization chamber arrange- 
ment. The resolution of this equipment was a few per cent, which was insufficient to 
resolve many proton and triton groups. The (d,p) reaction should essentially be a 
stripping reaction. If an even-even nucleus is used as target material the neutron 
should enter the nucleus in a single particle state. The Pb? (d,p) reaction beautifully 
illustrates that this is the case. Harvey also found evidence that in a pick-up process, 
for instance in a Pb28 (d,t) reaction, the resulting neutron hole can be described with 
a single particle state. If an odd-odd or odd-even nucleus is used as target material 
a much more complicated situation arises. The number of possible levels and thus 
of charged particle groups is much larger. In order to obtain significant results in 
such cases a high resolution magnet must be used. 
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Recently McEllistrem et al. [14M57] reported results obtained in Pb? (d,p) 
reactions, where the proton energies were analysed in a double-focusing magnet. 
~ Tnelastic scattering of charged particles and neutrons may also give information 
of excited states. The 2+ state in Pb?°* for example has been reached by Coulomb 
excitation [3B56a]. Levels in Bi? have been observed in a Bie (n,n'y) reaction 
[6D56]. The gamma-rays emitted from excited states were studied with scintillation 
counter technique. 

It is more difficult to study the energies of inelastically scattered neutrons and in 
this way to obtain information of excited levels. This, however, has been done in 
the Bi2 case by Cranberg and Levin [9C56], who used a pulsed-beam time-of-flight — 
method for the determination of the neutron energies. 


1.24. Half-life measurements 


The importance of accurate half-life determinations is most obvious when dealing 
with gamma-transition probabilities, where the lifetimes of excited levels enter 
directly into the calculations. There are in principle two different ways of learning 
the lifetime of an excited level. Either the rate of emission of particles or quanta can 
be directly measured or the lifetime can be inferred from a determination of the energy 
width or the excitation probability of the level. The former way includes also delayed 
coincidence techniques, putting-a lower half-life limit of 10-1°-10-"' s to its region 
of application [5B55]. The indirect methods comprise resonance fluorescence [13M55] 
and Coulomb excitation [6456] and make possible the measurement of half-lives 
down to the order of 10-13 s. In these experiments the “‘pure’” gamma-lifetimes 
are primarily obtained and do not depend on internal conversion corrections. 

It must be emphasized, however, that the half-lives play a most significant role 
also in the study of intensity ratios between electron or gamma lines whenever the 
time of measurement is not small relative to the half-life. To give an actual example, 
the internal conversion lines of the 222.5 keV £3 transition following the electron 
capture decay of 42 min Pb’’’" were investigated in an iron-free double-focusing 
spectrometer [3A57a]. A 5% uncertainty in the Pb” half-life was found to give 
contributions of 3% and 5 % to the errors in the K/L, and K/L,,; ratios, respectively, 
and was in fact the dominating source of error. 

The relative accuracy that can be achieved in half-life measurements is rarely better 
than 1%. Already this modest figure demands considerable care to be reached. It is 
a well-known fact that contaminations from similar half-lives are very difficult to 
discover, even if the measurements are prolonged over several periods, and may lead 
to erroneous results in spite of small statistical errors. Preferably an energy selecting 
device of good stability and resolving power should be used to follow the disintegra- 
tion of one single representative line in the decay. (This of course refers to the direct 
methods.) Even such precautions are not always sufficient, however. Recently, for 
instance, the 2.4 hr half-life of Tl4®* measured at fixed conditions in a double-focusing 
beta-spectrometer turned out to be wrong because of an exactly coinciding electron 
line (resolution about 0.4 %) in the decay of 2.7 hr TP’. With a mass separated sample 
the Tl!°° half-life was found to be 1.8 hr [3A57b]. Thus it is concluded that deviations 
from the expected behaviour of transition probabilities and conversion ratios may in 
many cases depend on unsatisfactory half-life determinations. 
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ig. 1. Single-particle levels for protons and neutrons (N and Z > 50). The figure has been redrawn 
from Fig. 1 appearing in the paper by Klinkenberg [3K52]. 


2. Single-particle levels 
2.1. Shell model predictions 


s i bo tie: wx 


It has already been emphasized that the main interest in the systematics of levels 
in the lead region is due to the fact that the number of protons and neutrons is close 
to the magic numbers Z = 82 and N = 126. For this reason low-lying levels in the 
-even-odd or odd-even nuclei should be well represented by the single-particle levels 
‘suggested by the Mayer—Jensen shell model. Fig. 1 shows a somewhat revised repro- 
duction of the level sequence of Klinkenberg [3K52], which is essentially based on the 
spins of stable nuclei. In regions where levels are very close the order of the levels 
‘may not be correctly predicted. This approximate scheme, which has been frequently 
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used, does not take into account the level dependence on the nuclear radius and 
estimate of the absolute values of the level spacings. These problems hav 
considered in a work by Bleuler and Terreaux [15B57]. By comparing experiment 
theory they could obtain the shape of the spin-orbit interaction and determine the 
interaction constant. The level position is a function of both N and Z. The Z or N 
dependence can be eliminated in the region of stable nuclei, because here the 
relation between the nucleon numbers is a known function. Thus the level schemes 
which are given by these authors concern levels in the stability region. Outside this 
region there may be crossing of levels, which in general cannot be predicted. In the 
scheme of Bleuler and Terreaux even the energy separations of the levels close to 
the magic numbers are predicted with reasonable certainty. In the following section $ 
we are going to compare experimental results with the qualitative level predictions 
of the shell model. is r 

2.2. Neutron levels 4 
2.21. Introductory remarks 


Fig. 1 suggests that before the 126 shell is filled the neutron has a possibility to 
populate the shells f;/2, 3/2, 2413/2 aNd p4/2 in the ground state or in excited states. For 
N larger than 126 the possible levels are 9/2, 41/2, 5/2; 97/2 and d3/.. We are first going 
to discuss experimental assignments of ground states and excited states in odd 
isotopes of Pb, Hg and Pt. As can be seen from Table 1, which contains the “‘experi- 
mental’ ground state assignments, there does not exist any deviation from the predic- 
tions of the shell model, though the order in which the different shells are filled seems 
to be irregular. The competition of the filling of these levels has been discussed in a 
paper by Zeldes [1Z56]. The fact that no 7,3,. ground states are observed has been 
suggested to be due to the large pairing energy of an i-level. The 7,3,. level should 
therefore preferentially be filled in by pairs and not by odd particles. Excited 1,59 
states, however, occur frequently and will be the subject of a special discussion. The 
systematics of the p,/, P3/. and f;/. levels will also be treated. For N larger than 126 
very little is experimentally known. Pb? seems to be the only nucleus which can be 
compared with shell model predictions, though the experimental information is 
incomplete even in this case. 


2.22. Assignment of levels 
Table 2 summarizes the energies of excited states the assignments of which are to 


be discussed in this section. 


Table 1. Ground state assignments of odd mass isotopes of Pb, Hg and Pt 
(cf. 2.22). 


re 

N 

aN. 113 115 117 119 121 123 125 127 
as 

aS eS eeeaeeee ee Se a ee 
82 5/2—7 | 5f2—2 | 5/2=— 5/2- 5/2- 1/2 9/2 

2-2] 5/2 2 2 - +7? 

80 3/2— | 3/2— 1/2— 1/2= 3/2— 5/2-—, 3/2— 1/2-? 

78 5/2-2 | 1/2= 5/2- 
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From Pb2% (d,t) reactions [9H53]. 
. From interpolation in Fig. 2. 
_ © ¥rom the calculations of Pryce (cf. Fig. 5). 


, *$Pb209._An “allowed” beta transition (log ft = 5.5) takes place between the ground states of 
il hr Pb? and the stable Bi2® [3D57], for which the spin 9/2 (hg/2) has been spectroscopically 
_ measured [3K52]. For this reason the spin of the ground state of Pb?°® may be expected to be 
_ 7/2—, 9/2— or 11/2—. However, 9/2 + is suggested by the shell model. This may be one of the 
_ many cases in the heavy region where ft-values do not distinguish between first forbidden and 
_ allowed transitions. 
f There are two sources of information about excited states. Harvey [9H53] observed in Pb? 
 (d,p) reactions levels at 0.75, 1.56, 2.03, and 2.54 MeV. These levels were given the assignments 
_ Goy2 (0.6),* 11/2 (0-1), dsj2 (1-8), 97/2 (1.1) and ds). (2.4), based on proton intensities and shell model 
_ predictions. Within parenthesis are given the experimental intensities of the observed proton 
groups. The probability that the capture neutron populates the single-particle levels of the shell 
~ model should decrease with increasing angular momentum of the level. As can be seen from 
: Harvey’s results the proton intensities have a plausible relation to the assigned angular momenta. 
~ However, from these results alone it is not possible to obtain unambiguous assignments. 
, In the beta decay of T1299 three excited states in Pb?°® have been observed [1556]. Two levels 
at 1560 and 2010 keV are most probably identical with the levels found by Harvey. The third 
~ level has an energy of 2130 keV and was assigned p,/, because it is reached by beta decay from 
~ T1209 (s,;, according to shell theory). It is de-excited by a 3 mys H1 transition to the 2010 keV level. 
The 1560 keV and 2010 keV levels were tentatively given the assignments d, /2 OF Jrj, and dy/2, 
_ respectively. Further experiments are needed in order to establish the assignments of the observed 


levels in Pb?°9. 


; ~ $Pb??.—The ground state spin 1/2 of this stable nucleus has been spectroscopically deter- 
- mined [3K 52]. Excited states are observed in electron capture and alpha decay as well as in particle 


1 Ground state. 
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1. BERGSTROM 


reactions. The electron capture decay of Bi?” has been carefully studied by Alburger and. Sunyar 

_ [1455]. The reader is referred to their paper for a detailed discussion of level assignments. Below 
2.35 MeV the following levels have been observed: 2.35, haya (EC, a, dt); 1.633, 4413/2 (EC, dt); 
0.894, P52 (EC, a, dp, dt); 0.569, fry. (HC, a, dp, dt) and 0, p4/2 (HC, «, dp, dt). It is very patainetuny 
to note how the different types of experiments complement and check each other in this very 
important case. Not only do the energies agree but also the proton and triton intensities are in 
good agreement with the J-values suggested from the study of the electron capture decay of Bi?’. 
In addition the agreement with the level predictions of the shell model is very good. Bleuler and — 
Terreaux [15B57] have pointed out that even the level spacings are in relatively good agreement — 
with their calculations. A larger number of excited states above 2.4 MeV has been observed in 
(d,p) reactions [9H53, 14M57). ne 


~§Pb295.—The ground state spin of Pb?°5 has not been measured. The half-life 5 x 10’ y is too ; 
long to allow the production of this nuclide in sufficiently large amounts. On the other hand the 
half-life is so short that Pb2 is not observed in nature. The arguments for a ground state spin 
5/2— are discussed in the papers by Pryce [5P56] and Schmorak et al. [3856]. In Pb*°* (d,t) 
reactions Harvey observed four levels at 0 MeV (1.4), 0.27 MeV (1.0), 0.84 MeV (0.3) and 1.79 
MeV (0.3). The triton intensities (given within parenthesis) suggest the assignments f5/2, Ps/2 
and 73/2 for the first three levels. The 282 keV level observed by Schmorak et al. is probably 
identical with the 0.27 MeV level observed by Harvey. Its position in the level scheme is consistent 
‘with a 3/2— assignment. There are also indications of a 3/2— or 1/2— level at 550 or 493 keV 
[8856]. 


~ $Pb2°3,—In the isomeric decay of Pb? only an M4 y-ray of energy 825 keV has been observed 
[5856]. If other p-rays are present, they must have energies less than 40 keV. An assignment of 
43/2 (no experimental proof) to the isomeric state leads to an f;,, ground state. Other low-lying 
single-particle levels may be populated from the decay of Bi®°’. So far none of these states have 
been observed [1F56, 3N57]. 

From experiments on the electron capture decay of the ground state of Pb®°? the assignment 
Ps/2 OF fs; has been suggested for this state [6P54, 1W54]. 


~$Pb21.—An M4 y-ray of energy 629 keV is emitted from an isomeric state which is assumed 
(no experimental proof) to be the 7,3), state [5856]. Since no further y-rays have been found, the 
ground state should be f;/,. In the decay of Pb®°! two positron components, whose energy differ- 
ence is 0.85 MeV, have been observed [4B57]. It is not yet clear if the positron emission goes to 
the ground state (1/2 +) and the first excited state (3/2+) or to the first excited and second 
excited (5/2+) states in Tl?°!, An answer to this question would perhaps give information of 
the ground state spin of Pb?", No investigations have so far been performed from which knowl- 
edge of additional excited states can be deduced, 


~ $Pb'9?,—The energy of the M4 y-ray is 424 keV and it has been concluded that any other 
y-rays present in the isomeric decay should have an energy below 40 keV [5856, 3457]. The 
isomeric y-ray is assumed (no direct-experimental proof) to be emitted between %y3/2 and fro 
(ground state). Positrons are probably emitted in the decay of Pb’. A study of these may give 
useful information on the ground state spin. 


1 

oPb!*?.—An M4 y-ray of energy 234 keV is assumed (no direct experimental proof) to be 
emitted between ¢,3,. and the fs, ground state [3A57]. Other y-rays belonging to the isomeric 
decay have not been observed above ~40 keV. It seems puzzling that the ground states of Pb! 
and Pb!*? should be 5/2 — states. This would not be possible if the fs/, level were filled in a regular 
way. Because of the importance of this question it is an urgent experimental task to search 


for low energy y-rays in the decays of both Pb?” and Pb". Direct spin measurements of the 
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someric states and ground states of Pb?0, Pb2°l, Pb199 and Pb!9? seem highly desirable and should 
possible in some of the cases. 


E13... “ fave 

| §Pb!*5.—Since no y-emission has been observed from the isomeric state it is impossible to 
say anything about the ground state spin. The isomeric state has been assigned 713). because elec- 
tron capture leads to a state in Tl!®* which is supposed to be an h,, j2 State [8A57, 3A57a]. 


y 


5: ~3Hg"5.—Decays by the emission of 1750 keV beta-rays [6K54] (log ft = 5.5) to T1295, The 205 
“keV y-ray emitted between the first excited state (3/2+) and the ground state (1/2+) of T1205 
has been observed in this decay [18B53]. The failure to observe the 410 and 615 keV y-rays emitted 
from the second excited state (5/2+) (see 2.32) can be understood if the ground state spin of 
Hg? is 1/2— (another case of low log /t-value for a first forbidden beta transition). However, 
Tore convincing proofs of the absence of the 410 and 615 keV y-rays in the decay of Hg?® are 
needed before such a statement can be made. No excited levels are known in Hg?0, 


~$Hg23._The non-observation of beta transitions between the ground states of Hg? and T1203 
“Iay indicate a ground state spin of 5/2— in Hg®3 (1/2+ in T1208), Recent measurements on the 
angular distribution of polarized y-rays by Wapstra and Boehm [8B57a] indicate a ground state 
spin of 3/2 though they do not completely exclude 5/2. A 690 keV y-ray has been observed in the 
decay of 55 s Au?°3 [17B52]. Nothing is known about the multipolarity of this y-ray or about the 
assignment of the 690 keV level. There are experimental indications that in Hg?°3 as well as in 
Hg?°* the metastability of the 7,3). level for the emission of M4 y-rays is destroyed by complex 
levels (cf. 3.2). 


~3Hg?"!._The ground state spin 3/2 has been measured spectroscopically [3K52]. The presence 
of “anomalous” low-lying states in Hg*! is discussed in section 3.25. No %,3/2 state has been 
observed so far (cf. Hg?®3). 


~$H¢199._'The ground state spin 1 /2 has been measured spectroscopically [3K52]. In the 
‘isomeric decay an M4 and an H2 y-ray are observed in cascade [2B53]. The isomeric state has 
therefore the spin 13/2 and the intermediate state the spin 5/2. In the B--decay of Au}? and in the 
electron capture decay of Tl! a 3/2— level is observed at 208 keV. In addition there are two 
other levels of energies 455 and 491 keV observed in the electron capture decay of Tl) [2B53]. 
These levels are not single particle levels and are discussed more in detail in section 3.25. 


~3Hg!97,—If it is assumed that the isomeric state is 7152, the 165 keV M4 and 134keV H2y-rays 
emitted in cascade [6M53] suggest an /,/. excited state and a p,/, ground state. In the decay of 
T1497 an 152 keV M1 y-ray is observed in addition to the 134 keV H2 y-ray [3457]. Its intensity 
and multipolarity suggests that it is emitted from a 3/2 — state (assuming that the ground state 
is 1/2—). No more excited states are known. Zeldes [1Z56] refers to a direct spin measurement 


of the ground state confirming the value 1/2. 


~Hg1%.—The isomeric state which is assumed to be an 43/2 state (no direct experimental 
proof) is de-excited by the emission in cascade of two y-rays of energies 123 keV (M4) and 37 keV 
(M1) [2355]. This suggests a 5/2— intermediate state and a 3/2— or 5/2— ground state. 3/2 — 
has been accepted because of the shell model predictions. 


~3Hg!9*.—The observation of a 101 keV M4 y-ray and a 39 keV M1 y-ray emitted in cascade 
from an isomeric state has led to the same level assignments as in Hg! [2G54]. Again there is 
no direct experimental proof that the isomeric state is 75/2. 

—{Pt!97, Assuming that the 337 keV M4 y-ray [4H49] is emitted from an 7,,/2 state (no direct 
experimental proof) and considering the fact that only this y-ray has been observed, one is led 
to the conclusion that the ground state is 5/2—. However, a more careful search for low energy 


y-rays is recommended. 
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~$pt195,The ground state spin 1/2 has been spectroscopically measured [3K52]. The emission 
in cascade from the isomeric state of the 130 keV M4, 31 keV M1 and 99 keV M1 y-rays suggests 
the level sequence 413/2~f5/2—Ps/2—P12 [2C54, 2654]. Coulomb excitation [6B55] supports the 5/2 — 
and 3/2— assignments. 

—pt192_Only a 136 keV M4 y-ray has been observed in the isomeric decay. The ground 
state spin is 5/2— if the isomeric state is 7,3; and no more y-ray is emitted. Since this isomeric 
decay as yet only has been observed by one group of investigators [2C54] it should be remeasured. 
Zeldes [1Z56] suggests a p37. ground state. 


2.23. Validity of assignments 


The discussion of low-lying states in odd isotopes of lead, mercury and platinum — 
has shown that unfortunately many assignments are unsatisfactory. In most cases 
the level assignments are based on the knowledge-of multipolarities and the assump- 
tion that the M4 transitions are emitted from the 7,3,. state. Only in a few cases 
(Pb2°?, Hg!99, Hg!*7 and Pt!) is there a complete experimental proof that this is 
correct. It seems possible to measure the spin of several of the isomeric states (cf. 
the work by the Berkeley group [12B57]) in Pb, Hg and Pt with the atomic-beam 
resonance method. This would no doubt give a much more solid background to the 
discussion of low-lying levels in the odd isotopes of these elements. However, it should 
be emphasized that the assumption that the isomeric states are 1213/5 leads to assign- 
ments of other levels which are also in agreement with the shell model and with ex- 
periments, forming a convincing internal consistency. 

When experimentally observed levels are compared with the predictions of the 
shell model it must be kept in mind that excited states can be obtained either by 
promoting the last particle to a higher shell or by exciting a particle from an inner 
shell to a vacancy in a higher shell. 

Before we discuss the occurrence of M4 transitions in the next section it should be 
remarked that even if the search for isomers is very carefully performed, such ex- 
periments may fail for several reasons, the most promint ones being the following: 

(1) There may be no simple way of directly producing the expected metastable 
state (for example Pt? and Pt?9). 

(2) In beta or alpha decay it may be energetically possible to populate the isomeric 
states. Quite often, however, selection rules make such transitions prohibitively im- 
probable. 

(3) The metastability of the single-particle level 7,5,. may be destroyed because of 
intermediate spin levels of ““many-particle”’ origin (cf. Pb2%, Hg? and Hg?®3). 

(4) The isomeric states may be excited but no isomeric gamma-ray observed be- 
cause of the competition with beta or alpha decay (for instance Pb!%). 

The above will also apply, mutatis mutandis, to the discussion of proton levels (2.3). 


2.24. Level separations 145/>-f5/2 


As can be seen from Table 7 (p. 447) there are 12 M4 transitions known in the odd iso- 
topes of Pb, Hg and Pt. In addition there is a state in Pb! which most probably is an 
4143/2 State. It decays predominantly to the h,, /2 State in T1®, The M4 assignments are 
mostly based on the values of the transition probabilities (see 4.2), relative conversion 
coefficients and in a few cases on absolute conversion coefficients. It seems possible 
to determine the K conversion coefficients for these transitions to a much higher 
degree of accuracy than has been done go far. Perhaps the beautiful constancy of the 
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Zi 113 115 117 119 121 123 125 126 neutron number 


‘Fig. 2. The level spacing 7,3/2~/;/2 in odd mass isotopes of Pb, Hg and Pt as a function of neutron 

number. Note that no M4 transitions have been found in Pb?%, Hg? Hy203, Ho201, pt203, pt201 

and Pt}. Extrapolation and interpolation show the expected energies of these transitions. 
(The figure is reproduced with slight changes from ref. 5856.) 


matrix elements and the fair agreement with theoretical values are the most con- 
vincing proofs that all these transitions are of multipolarity M4. 

The %3/2-/5/2 Separation is plotted in Figs. 2 and 3 as a function of neutron and 
proton number respectively. The most striking feature of these curves is the increase 
of energy towards the magic numbers. Especially interesting is the variation with 
neutron number. The curves of Bleuler and Terreaux [15B57] indicate that only a 
small part of this effect should be due to the change of the nuclear radius. Pryce 
[5P56a] has shown that a much larger effect results from the interaction of neutron 
holes. Some level spacings in lead isotopes as calculated by Pryce are reproduced in 
Fig. 5. It is seen that the theoretical estimates agree qualitatively with the experi- 
mental results of Fig. 2. Another apparent feature of Fig. 2 is the absence of points 
representing Pb2%, Hg?!, Hg?03, Hg, Pti%, Pt? and Pt®. Especially the “‘miss- 
ing’ M4 transition in Pb?® caused much trouble before the decay scheme of Bi?” 
was satisfactorily known. This case will be discussed somewhat further, because 
it may explain the non-observation of M4 transitions also in other cases. 

In PbS (d,t) reactions Harvey [9H53] found a level at 0.84 MeV which he assigned 
1413/2 because of its low cross section. Since, in contrast to Bi? and Bi?’, no M4 transi- 
tion was observed in the decay of Bi®®, it was assumed [5856] that the 7,3). level 
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Fig. 3. The level spacing 7,3/2~f5/2 in odd mass isotopes of Pb, Hg and Pt as a function of proto: a 
number. ‘ 
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for some reason was not populated in the decay of Bi?%. However, even before the 
levels in Pb2* were known in more detail there were reasons to believe that the meta- 
stability of the 75/2 state must be destroyed by an intermediate spin level. So for 
example is the M4 transition in Pb?®’ observed in (y, ) reactions on natural lead 
[1B55], which, however, is not the case for the expected M4 transition in Pb?®°. 
The investigation of the levels in Pb? [3856] later showed that in fact there is a level 
at 703 keV of spin 7/2 or 9/2. The calculations of Pryce [5P56] suggested a (y/g 
fs/2")2/2- level at 0.7 MeV which was identified with the experimentally found level. 
It is thus both experimentally and theoretically established that the metastability 
of an 23/2 level must be destroyed by an intermediate level, which from Pryce’s 
calculations should be a three-hole level. If the energy of the 7,5), level is 0.84 MeV 
as suggested from Harvey’s experiments it would be possible to see a 0.14 MeV M2 
or #3 transition to the 703 keV state depending on the assignment of this level 
(9/2 — or 7/2—). An £3 transition would have a half-life in the mus—us region. Vegors 
and Axel [1V56] did not observe any such half-life in Pb (y, m) experiments but 
the well known 130 us half-life of the isomeric state in Pb2°*, This speaks in favour 
of a 9/2— assignment to the intermediate level. Pryce’s lowest 9/2— level (p,/2 
fs/2 Ps/2)9/2- Comes at 1.2 MeV. However, when Vegors and Axel performed their 


experiments they did not know of this problem and may for some reason have 


missed the transitions from the 7,5/. state. Experiments of this type are associated 
with many difficulties. It seems worth while to repeat the experiments of Vegors 
and Axel or to make other similar experiments. This may give a definite answer to 
the question discussed above. The main thing, however, is that both experiment and 
theory have shown that in Pb2% there may be levels at rather low energies, which 
are not single particle levels, and that such levels may be the reason why the M4 
transition is not observed in Pb2, The same situation may also arise in other nuclei 
in this region. 


Pb°°? has only one neutron hole and it is an important experimental fact that in 
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Pb” it has been possible to give single-particle assignments to all observed levels 
below 2.4 MeV. 

4 It may, however, be questioned why M4 transitions are found in Pb2°? and other 

b isotopes of lower mass number. In Fig. 5 Pryce’s approximate calculations show 
how the position of the lowest complex 7/2 — and 9 /2 — levels varies with the neutron 
number. As can be seen the energies relative to the 5/2 — level are constant or tend 

_to increase with decreasing neutron number. Thus in Pb2° the levels destroying the 

_metastability in Pb®°> have crossed the i,3/. level, which explains the fact that the 

M4 transition is again observed. 

_ Considering now the missing M4 transitions in Hg and Pt, it is obvious that the 
addition of two and four proton holes may give rise to still more low-lying levels. 
The trend of the energies of the first excited states (2 +) in the even-even nuclei indeed 
indicates that low-lying complex states may be expected at much lower energies in 

_the odd isotopes of Hg and Pt (cf. Fig. 9 p 442). 

___ Bergstrém et al. [2B53] showed by (y, n) reactions on enriched Hg isotopes that 
there are no M4 transitions in Hg? and Hg? (however, the M4 transition in 
Hg!*® was observed) of the energies indicated by the extrapolated curves of Fig. 2. 
Already when these experiments were performed in 1953 it was guessed that the 
negative result of the experiments was due to intermediate levels, which were not 

predicted by the simple shell model. Nothing definite can of course be said about the 
origin of the intermediate levels. They may be of “‘many-particle” character or of 
collective nature. 

The Pb case illustrates how three neutron holes may couple their angular 
momenta in complex levels below 1 MeV. In Hg?® low-lying complex levels should 

. be due to the coupling of-one neutron hole and two proton holes. The authors do not 

know of any attempts to observe the 2,/. state in Hg”°°. This state may be produced 

*in Hg? (d,p) reactions. If the influence of the two proton holes can be neglected an 
M4. transition of about 800 keV should be observed (cf. Pb?°’). Most probably, how- 
ever, the presence of the two proton holes results in low-lying levels of intermediate 
spins. It may be worth while to search for a half-life in the mys and ys regions. 

Also in the case of Pt1% there exists experimental support that the metastability 
of the 7413/2 level is destroyed. Pt’*” for example is obtained in Pt (d,p) reactions but not 
Pt [2456]. The M4 transition in Pt!* is expected to have a half-life of about 1 
minute and a gamma-ray energy about 500 keV. Such an activity is produced when 
Pt is irradiated with deuterons. However, it can be shown that this activity is due to 
the annihilation radiation from the decay of 72 s O! produced from N1, which to a 
large extent is present in the platinum metal. 

Unfortunately there does not seem to be a simple way to produce excited states in 
Pt2 and Pt23. For still lower values of Z there should be a larger possibility to de- 
stroy the metastability of the 7,5/. levels by low-lying complex levels (cf. the energies 
of the first excited states in even-even isotopes of Os, Fig. 9). 

It is remarkable that no M4 transitions have been reported in polonium. The 
reason may be that the isomeric states are predominantly de-excited by alpha decay. 
The appearance of low-lying complex levels seems less probable than in Hg because 
of the fairly high energies of the first excited states in the even-even nuclei of Po. 
It must be emphasized, however, that no systematic search for short-lived M4. 
transitions in Po has been reported. This could be done for instance in the external 


beam of a machine giving high energy particles. 
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Fig. 4. Experimentally found level spacings 73/:~P1/2-fs/2 in odd mass isotopes of Pb, Hg and 
Pt as functions of neutron number. 


2.25. Level separations f5/>-P3/2-P1/2 


In Fig. 4 the energies of the p,/. and 73,2 levels relative to the f;,. level are plotted — 
as functions of neutron number. Only for Hg experimental information is available 
to such an extent that it is possible to speak of a systematic behaviour. However, it — 
is perhaps justified to neglect the influence of the protons and connect points © 
representing corresponding levels in Pb, Hg and Pt, because the levels are due to © 
neutron holes. (The lowest levels in the odd Tl isotopes, for instance, are proton hole q 
levels and their spacings are in general not very sensitive to a change in the neutron 
number.) The trend of the level spacing thus obtained may be compared with the | 
calculations of Pryce (Fig. 5). It is then observed that Pryce’s calculation of the | 
level movements in the lead isotopes qualitatively agrees fairly well with the experi- _ 
ments. The spin orbit doublet spacing, for instance, increases towards the magic i 
number NV = 126. The p5,. level lies above the f;/. level for N close to 126 but these | 
levels cross for lower values of NV. It is of course not surprising that the crossing is 
not correctly predicted. The calculations are rough and the method of connecting 
the experimental points may be discussed. However, it seems plausible to conclude — 
that also in these cases the change in the level spacing with neutron number is due — 
to the change in interaction between the “valence nucleons’. - 

An extrapolation of the ps. curve in Fig. 4 indicates that in Hg? the f, j2 level is 
situated about 150 keV above the ps3). ground state. This information may be of some 
help in the interpretation of the “anomalous” level scheme of Hg?! (3.25). 
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(5. Energies of single-particle states 1/2 —, 3/2 —, 5/2 — and 13/2+ and low-lying complex states 
— and 9/2 — in Pb isotopes as calculated by M. H. L. Pryce [5P56a]. The method of calculation 
he first three levels was based on the simple assumption that all paired neutrons couple to a 
resultant angular momentum. The interaction parameters were taken as in the Pb? calcula- 

[5P56]. A rather arbitrary value was assumed for the mixing matrix elements which makes 
alculations so crude that one can scarcely hope to predict correctly, for instance, the crossing 
the 3/2— and 5/2— levels. 

The lowest 7/2— level in Pb**? and Pb? arises from a configuration containing 2 or 4 f5/2 
eutrons coupled among themselves to give a resultant angular momentum 4; this cannot happen 
th the closed subshell f;;.~° or the empty subshell f,,.~*. Hence the isolated position of this 


Configuration key: 


= Pre? f 5/2” Paj2 ts 9 =Piyj2.” f 5/2 ° tigje ts 17 = 91/2? f, 5/2? 
= fsja Psj2 > 10° Pi ja "Toe * 413/215 18 =pyj2? fsja 
5/2) Paj2 > WL = pyja* tygja ts 19 =pyj2* foya ts 
Se lsje Paps, 12 =%13/271, 20=fs/a 1, 
3/2 ° Paes 13 =pyjo* fs/2°s 21 =pyj2* fsja* Psja ts 
5/2 ° P32 >> 14 = Pre fsa 4s 22 =D 2" fsa” Ps/2 
/ etme ila Prax? fsj2*, 23 =P. Ps/2 > 
8= Piya" fein? 16 =py)2, 24 =ps/_'. 


. 2.3. Proton levels 
2.31. Introductory remarks 


According to Klinkenberg’s nuclear shell schemes [8K52] the last two protons of 
the 82 shell are 8,2 protons (cf. Fig. 1). This prediction is borne out by all experimental 
evidence available on the ground states of odd mass TI isotopes (Table 3). In the 
same way the d,. assignment of the protons 77 through 80 receives support from 
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measured ground state spins of odd Au and Ir isotopes. This does not mean, of course, 
that the spherical picture of the nucleus underlying Klinkenberg’s scheme is unique 
in leading to valid predictions of ground state properties. Mottelson and Nilsson 
[12M55], for instance, have shown that the 3/2+ assignment of the Ir’! and Ir1% 
ground states conforms also with calculations based on deformed nuclear potentials. 

Beside the s,/. and d3/. shells there are other proton shells expected to create levels 
of low excitation in the odd isotopes of Tl, Au, and Ir, notably d5/. and hy,/2. Thus in 
Tl low-lying levels may be obtained as hole states by exciting a proton from the 


dsj, 5/9, OF 44/2 Shell to the s,/. shell and in Au and Ir proton holes may correspond- 


ingly occur in the 81/2, ds)., and h,,/. shells by transitions to the ds). shell (though a 
proton transition ds,.—>h,1/, is possible too). Excited levels with the appropriate 
spins and parities have been identified from experiments in several cases. Already in 
Au, however, there is some ambiguity as to the nature of a 5/2+ level. It has been 
commonly accepted as the d;/. single proton state (or rather the hole state obtained 
by raising a d;/. proton to the d3/. shell) but may be interpreted as the first member 
of the ground state rotational band [8B57]. Similarly a 3/2+ level in Au, which does 
not fit into the single particle picture, should be of rotational character. In connection 
with Figs. 6 and 7, however, we are going to discuss the systematics of level spacings 
in the nuclei concerned mainly from the single-particle point of view. We start with 
an examination of the experimental data on which the spin assignments are based. 


2.32. Assignment of levels 


The information pertaining to the more or less definite single-proton levels discussed 
below has been collected in Table 4. ] 


_{T1207,_The ground state decays by an allowed or first forbidden f-transition to the p, /e 
ground state of Pb*’, indicating the spin 1/2 or 3/2 [3F52]. The former assignment is preferred in 
analogy with the neighbouring Tl? and Tl?°3 ground states with measured spin 1 /2. Levels in 
TI?” are populated by the a-decay of Bi#4!, A 350 keV y-ray [1038] is interpreted as ds/2> 84/2, 
from its mixed H2 + M1 character and the assumed ground state spin [3F52]. Indications of a 


weak 85 keV y-ray in the decay of Bi®!! have been reported [7C32, 1038], but no assignment is. 
possible. 


“TT12%5,__Spectroscopic measurements have verified the ground state spin 1/2 [3K52]. Two 
levels at 205 keV and 615 keV are reached in Coulomb excitation [8B55]. The lower level is de- 
excited by an #2 + M1 transition to the ground state which leads to the assignment d/.—> 819. 
In analogy with the conditions in Tl? (see below) the 615 keV level is tentatively given as. 
ds). 
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J 4 ~1Tl?°?.—The first excited state at 279 keV, reached from Pb?, decays by an H2 + M1 transi- 
tion [1W54] to the s,,. ground state [3K52]. From the second excited state (679 keV) a strong 
E2 + M1 branch goes to the first excited state and a weaker H2 branch to the ground state [1W54]. 


‘This is in agreement with the level sequence d5).—d3/.~81/, a8 predicted by the shell model. Both 
levels are also found in Coulomb excitation [3B55]. 


a =$T1201,_In the decay of Pb®°! two y-rays of 330 keV (E2 + M1) and 361 keV (predominantly 
M 1) are interpreted for intensity reasons to be emitted from the first and second excited states, 
mo of Tl [4B55]. The level assignments d;).—d3/2-8,/2 are based on systematics. 


Re ~?T1°,—_The ground state spin has been measured as 1/2 by the atomic-beam magnetic reso- 


nance method [12B57]. In the decay of Pb’ two mixed H2 + M1 transitions (367 and 353 keV) 
have been shown to follow in coincidence [3457] (the relative intensities determining their order) 
in agreement with the predicted level sequence d5/.—d3)2~-81/. 


—NTP97.—The measured ground state spin 1/2 [12B57] and two cascade y-rays as in T]1°? 


establish the three lowest levels. Here, however, an H3 transition (222.5 keV) has been found in 
coincidence with the two #2 + M1 transitions (387 and 385 keV) [3A57]. Its level of origin, fed from 
‘a level in Pb1®” interpreted as 7,3), should thus be 4,2 in single-particle notation. The order 


‘of the two mixed transitions is not unambiguously determined from the total intensities in ' 


this case, because the d,). and d;,, levels are populated both from the Pb’*? ground state and 
(predominantly) via the #3 transition. An amplifying argument is obtained, however, from the 
fact that d3)2—> 51/2 is 1-forbidden for M1 decay, while d;/.—> ds). is not. Thus the transition showing 
from its conversion ratios the larger admixture of M1 (385 keV) is most probably d5/.—> ds/2- 


~ 71195, The same set of transitions is found as in Tl? [3457], but the plausible assumption 

of an s,/. ground state has not been experimentally confirmed in this case. A 99 keV #3 transition 

follows the decay of a 17 min Pb activity, which for this reason. is identified as the 7,, /2 isomeric 

state of Pb1%. The internal transition branch via the Pb® ground state has not been observed 

‘and is probably well below 1%. The total intensities of the two mixed #2 + M1 transitions in 
‘T]195 should then be equal (neglecting the possible weak h,,/.—> d,/. transition) and the 1-forbidden- 
ness of d3/.>5,/, may be expected to show up directly in the relative conversion intensities. In 
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_$aui—the ground state spin has been measured as 9/2 with the atomie-boam m 
[8C56]. Excited levels are populated by the f-decay of Pt [2L56], but the information is 
incomplete to allow any level assignments to be made. The presence of an isomeric level of 
half-life, proposed as an explanation of anomalous fy coincidence intensities [2L56], has x ot 
been possible to confirm [1T57a]. 


~$Au!9?7,—Spectroscopic measurements agree with the ground state assignment d,/. [3K52]. An 
excited level at 409.5 keV, reached from the 7,3/, isomeric state of Hg**’, is interpreted as h,, i: 
because it decays to the ground state by an H3 and an M1 transition in cascade, the intermedia 
level being assigned d,/2. There are also indications of an M4 cross over [6M53]. A cascade of a 192 
keV M1 transition and a 77 keV E2 + M1 transition follows the electron capture decay of the 
Hg'®? ground state. The lower energy y-ray should connect the s,/. state with the d3,, ground 
state but the 3/2+ origin of the 192 keV y-ray cannot be identified with a single particle level. 
Boehm and Marmier [8B57] recently pointed out that this level as well as the 5/2 + level in the 
isomeric branch (denoted d;,. above) may be interpreted as belonging to rotational bands. ( 
would apply also to the corresponding levels in Au! and Au’). Complementary information | 
‘on levels in Au!’ is obtained from Coulomb excitation [6B55], leading finally to the plausible level 
sequence dsj. (0 keV), 812 (77 keV), 3/2 + (268 keV), ds). (or 5/2 +) (279 keV), hyyjp (409.5 keV), 
and 7/2+ (550 keV). ; 
10 4195, —A considerable number of levels is known from the electron capture decay of the 
443/2 State and the ground state of Hg? [2J55]. The main structure of the level scheme is similar to 
that of Au’*’ which forms the basis of the assignments d3/. (0 keV), 81/2 (61 keV), 3/2 + (240 keV), 
dsj. (or 5/2 +) (261 keV), and h,,/, (318 keV) for the levels of present interest. 


Aus, —Also in this case the level assignments are based on analogies with the odd isotopes 
of higher mass, the proposed level sequence being d3/2 (0 keV), 81/2 (38 keV), 3/2 + (224 keV), dsja 
(or 5/2 +) (258 keV), and hy). (290 keV) [cf. 2G54]. 


~3Ir193,—The ground state assignment d3,, has been confirmed by measurements [8K52, cf. : 
1Z56]. By the recent discovery of an M4 transition to the ground state [8B57] the hy,/2 level at 
80 keV seems to be firmly established. As to other excited levels, several of them fed from Os}, 
there is some ambiguity. The most reasonable sequence of the low-lying levels seems to be dy 2 
(0 keV), 8472 (73 keV), R412 (80 keV), ds/2 (or rotational 5/2 +) (143 keV), and 7/2 + (368 keV). The 
last two levels have been observed in Coulomb excitation [2D56]. De Waard [2W54] gives the 
assignment g;/, to the 73 keV level, but this is not consistent with the later found M4 transition 
from the 80 keV state. 


“2§Ir!*1,Also in this stable isotope the ground state is known as ds), [3K52, ef. 1256]. A 42 
keV #3 transition [6M54a] followed by a 130 keV mixed H2 + M1 transition [8D57] in the 
B-decay of Os!® indicate an hy1/2 level at 172 keV and a ds/, (or rotational 5/2 +) level at 130 kone 
An 82 keV level, de-exciting to the ground state via an H2 + M1 transition, is probably $12 i 
analogy with the 73 keV level in Ir!®*, Boehm and Marmier [8B57 ] place a rotational 3/2 + level 
at 179 keV, and a probable 7/2 + level at 356 keV has been observed in Coulomb excitation (as 
well as the 130 keV level) [2D56]. 


* Earlier erroneously given as 448 keV [3A57, 3A57a. 
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Fig. 6. Level separations in odd mass isotopes of Tl, Au and Ir as functions of neutron number. 
The lower point for N =126 refers to an anassigned weak gamma-ray in the alpha-decay of Bi?! 
(cf. the text). 


2.33. Level separation hy1)>-d5/> 


It may be asked why so few h4,/2 levels have been discovered in TI. One reason is 
certainly that from Tl and upwards they are not fed to any appreciable extent 
from the corresponding 7,3;. levels in Pb. It would perhaps be possible to excite 
additional h,,/. states by for instance proton bombardment of enriched Hg isotopes. 
Because of the tendency of a steep rise of the hy,/.-d;/2 separation with neutron 
number (see Fig. 6) the lifetimes of these isomeric states must be expected to be 
considerably less than that of the #3 transition in Tl!” (half-life 0.55 s). They evi- 
dently did not show up in the experiments of Vegors and Axel [1V56], who looked for 
half-lives in the region 10--10— seconds after 22 MeV betatron irradiation of natural 
Tl, but this may be due to low excitation cross sections. There is, however, also a 
tendency for the h,1/:-81/2 distance to increase with neutron number, that means an 
increasing probability for complex intermediate levels to destroy the metastability. 

In Au as in TI the h41/2-d5/2 separation increases towards the closed neutron shell, 
but in Ir the trend is opposite. Here a sharp level crossing takes place from N = 114 
to N =116, resulting in an M4 transition from h,,/, to the ds,, ground state in Ir! 
instead of the H3 transitions to d,/, found in the other nuclei concerned. 

With the exception of the Ir! point the available data indicate a rise in separation 
energy also with proton number towards the closed shell (Fig. 7). 


435 


i aches 
a <b Oo ote ’ 


Seen) 


Te. 79 81 Proton number 


iS 
Fig. 7. Level separations in odd mass isotopes of Tl, Au, and Ir as functions of proton number. 


2.34. Level separations d5;>—d3)9-81/2 


The spin-orbit doublet splitting d;,.-d,,. in Au (and Ir) as a function of neutron 
number (Fig. 6) is surprisingly constant. This is true of the general trend in T! too, 
though the slight deviation from a smooth curve shown by two of the points may 
reflect an influence of the neutron configuration. From this point of view the outstand- 
ing smoothness of the d3/.~s,/2 curve for Tl is the more remarkable. Only the filling 
in of the two last neutrons in the 126 shell brings about a typical “‘shell effect’’. 
(The continuity in the curve provided by the suspicious 85 keV level in T]?°’ as indi- 
cated in the figure is most probably a mere coincidence.) 

A marked increase of the separation energies with proton number is illustrated in 
Fig. 7, the major steps occurring from 79 to 81 protons. This should be compared 


with the N-dependence of the f;/.-5/2-P1/2 Separations (Fig. 4); in these cases of 
neutron transitions the proton number has less influence. 


3. Complex levels 


3.1. Theoretical and experimental background > 


The systematics of even-odd and odd-even nuclei in the lead region shows that 
low-lying levels to a large extent can be identified with the single-particle levels of 
the shell model. A more serious check of the shell model would be to investigate 
to what extent several particles, each assigned a one-particle state, couple their 
angular momenta to a resultant nuclear spin other than that of the odd particle. 
This can for obvious reasons be done only in simple cases, where the number of parti- 
cles is limited. Therefore calculations have been performed only in the immediate 
neighbourhood of the double-magic numbers, where it is possible at low excitation 
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_ The calculations of the levels of nuclei which differ from Pb2°* only with a few 
particles are similar to the perturbation calculation of the atomic levels in helium. 
As is well known, in a two-particle case the total energy is given by: 


Esot a Ey + f, tr Ein. (1) 


In the zero-order approximation the energy of a certain two-particle configuration 
is the sum of the energies of the individual particle energies H, and E,. The levels 
thus obtained are in general considerably degenerated. This degeneracy is, however, 
removed if the interaction H;,, of the particles is taken into account. In the helium 
case this is, in principle, simple because the interaction between the electrons as well 
_as between the nucleus and the electrons is the well known Coulomb interaction. 
‘The one-particle levels (hydrogen levels) and the interaction energy can in this case 
‘be accurately calculated. 

In the Pb? region the situation is much worse. First of all, because of the insuffi- 
cient knowledge of the nuclear mean potential it is not possible to calculate accurately 
the one-particle or one-hole cases. An idea of the absolute value of the level spacing 
of the one-nucleon levels can be obtained from the scheme of Bleuler and Terreaux 
[15B57]. Though this scheme gives good agreement with experiments in the region 
of the stable nuclei, it is at present too approximate to be used for the calculation of 
zero-order energies. Therefore these energies in cases of several particles must be 
obtained from the experimentally observed one-nucleon levels. This requires that in 
the one-nucleon cases the correspondence between the observed levels and the 
predicted shell model levels is unambiguous. In Fig. 8 those cases are included where 
the excess |AZ|+|AN| of holes and particles from Pb?°8 is smaller than 4. For 
a complete knowledge of all the zero order levels in this region it is necessary to 
know accurately the excited states in Pb?°’, T1?°’, Pb2°, and Bi? (see Fig. 8). This 
is unfortunately not the case. Sufficient experimental information and satisfactory 
identification with shell model levels exist only for Pb2°’. For this reason most of 
the calculations made so far have concerned nuclei where a knowledge of the levels 
in Pb” is required. It is fortunate that the conditions for studying the nuclei Pb”, 
Pb2 and Pb? are such that considerable information has already been accumulated, 
and still more will be obtained in the near future. 

The second difficulty in calculating the energy levels in the above-mentioned way 
is associated with the poor knowledge of the perturbation energy, i.e. the (n,p), 
(n,n) and (p,p) interaction. For simplicity Pryce assumed that this interaction could 
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Fig. 8. Nuclei in the Pb?’ region for which calculations of levels based on the shell model have 

been performed or may be performed, when more experimental information is available. A filled 

circle means that only the ground state has been observed. An unfilled square means that in 
addition to the ground state at least one excited state is known. 


be described with a delta function. If configurational mixing is neglected the interac- 
tion between a neutron and a proton, for instance, is written [5P52]. 


Enp =a,A,R +a,4,R = RA, (a, +1.54,), (2) 


where s and ¢ refer to singlet and triplet states. a, and a, are calculable constants 
depending on the configuration of the two particles and of the total spin. A, and A, 
are the strength of the singlet and triplet interaction respectively. From scattering 
experiments A,/A,* 1.5 is known. R, an integral involving the total radial wave 
function, is depending on the quantum numbers (nlj) of the two particles and is 
thus a configuration-dependent quantity. In the works of Pryce R has not been 
theoretically calculated. The value of RA, was obtained by comparison with certain 
experimentally known levels in the two-hole (or two-particle) nuclei. 

The calculations of Pryce thus are depending on several parameters which are 
adjusted to the experiments. In his first paper Pryce discussed the two-nucleon cases 
[5P52]. However, his original calculations on levels in Bi2° (see also the work of 
Brink [16B54]), Pb206 and T1?°S suffer from the poor experimental information. For 
this reason several of the adjustable parameters are arbitrarily chosen. Improved 
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‘Measurements on Pb*°? [1A55] and Pb2°* made more detailed calculations on levels 

‘in Pb®s possible [1A54]. The great success of these calculations was that they were 

“able to predict the decay mode of the isomeric 7— level in an excellent way. Later 

‘More accurate experiments on levels in Pb? allowed Pryce to make similar calcula- 

tions for this nucleus [5P56]. Also in this case the calculations were able to give the 

‘main features of the levels populated from the decay of Bi2, Before making more 

detailed comparisons, however, it is necessary to have better coincidence information 

and measurements of conversion coefficients. Such work is in progress at the Nobel 

Institute [5857]. 

_ An increased number of holes makes the above calculations complicated. Further- 

‘more the comparison between theory and experiment may be highly doubtful 
because of the neglection of configurational interaction. It therefore seems surprising 
that the calculations by True [2T56] on levels in Pb2” are able to explain so well 

the decay of the 9 — isomeric state. True suggests two very close-lying 4+ levels which 

must be populated from the 9— state. Experimentally the level distance between 
two low-lying 4+ levels was found to be 289 keV. This may give an idea of the 
configurational mixing interaction in this special case [2H56]. 

_ Bi®6 and Bi??? differ from Pb?°> and Pb? by the addition of one proton. Since the 
comparison between experiments and calculations no doubt has had some success 
in the lead isotopes, it seems worth while to extend the calculations to Bi?’ and Bi26, 
where recently accurate measurements have been performed [4457]. Wahlborn 

_[4W57] has investigated these cases with the same method as used by Pryce. It is 
then necessary to know at least a few excited states in Bi?°®. Wahlborn assumed that 
the ground state is an hy. state and that the experimentally found excited states at 

-0.90 and 1.56 MeV are f,/. and 7,3;. states. The calculation is made possible by the 

fact that the 83rd proton occupies the same range of levels as the neutron holes. The 

“parameters used in Pryce’s work could therefore be taken. The most significant result 
of Wahlborn’s calculations on Bi®°* is the assignment of 6+ and 4+ to the ground state 

and first excited state, respectively, for which the level spacing was found to be of 
the order of 0.1 MeV. This agrees well with the experimental observation of a 60 keV 
gamma-ray from the first excited state to the ground state. An experimental deter- 
mination of the ground state spin in Bi?°*-seems possible! and would be of very great 
importance for the comparison between experimentally observed and theoretically 
predicted level energies and assignments. The first excited state has a half-life of 
7.8 us [4A57a]. This is about 60 times larger than expected from a transition due to 
a single proton. According to Wahlborn, however, the two lowest states belong to the 
same configuration, and the #2 transition should therefore be due to a reorientation 
of spins within this configuration. Using the configuration suggested from the above- 
mentioned treatment Wahlborn calculated a half-life which deviates only 10% 
from the experimental value [4W57a]. This surprisingly good agreement may be 
fortuitous, especially when the fact is taken into account that the radial integral 
appearing in the matrix element was approximated by 3 /(L +3) =3, but, never- 
theless, it seems to be a support for the level assignments. 

If the radial wave functions were completely known the interaction between holes 
and particles would depend only on one parameter which is independent of the particle 
configuration. The success which no doubt was obtained in Pryce’s pioneer work 


1 Note added in proof: Preliminary results of atomic-beam resonance measurements by I. 
Lindgren, Physics Department, University of Uppsala, support the spin assignment 6. 


439 


L. BERGSTROM AND G. ANDERSSON, Nuclear energy levels in the lead region. I 


encouraged other investigators to make more detailed assumptions about the wave 
functions and the shape of the nucleon interaction. Recently True [2T57] reported 
that in the case of Pb?°* (two neutron holes) a considerable improvement 1s obtained 
in the calculated values of level energies if harmonic oscillator wave functions are 
used to represent the neutron holes and the two-body forces are given by a singlet 
Gaussian potential. Independently Kearsly [5K57] also used oscillator wave functions, — 
but the nucleon interaction was represented by a Yukawa potential. All observed 
levels below 2.9 MeV were predicted with correct assignment and with an energy 
accuracy better than 0.1 MeV for a certain value of the single adjustable parameter — 
present. In both the latter two calculations configurational interaction was taken 
into account. Calculations of this type are of course much more tedious than the 

simple computations made by Pryce. ’ 

The improvement of the theoretical calculations now seems to have reached a stage, 
where there is every reason to be critical and to refine the experimental information. 
Though extensive experimental work has already been performed for instance on 
the level schemes of Pb? and Pb2%, more detailed experimental information is 
needed. The level assignments in Pb?* given by Alburger and Pryce [1A54] were 
obtained by combining theoretical and experimental information. A level assignment 
solely based on experiments requires tremendous work but is perhaps not impossible. 
Recently, for instance, Lindqvist [4L57] showed by angular correlation measurements 
that the three 5 — levels in Pb?*had been given the correct spin assignment. Novakov 
and Hultberg [3N57a] have measured the photoelectron intensities of about 20 
gamma-rays in Pb? (resolution ~ 0.5%). The relative gamma-ray intensities were 
obtained with a method developed by Hultberg [10H55]. By comparison of the gamma- 
ray and electron intensities it was possible to calculate the corresponding K conver- 
sion coefficients. All the resulting multipolarity assignments except those of three 
gamma-rays were found to fit the level scheme suggested by Alburger and Pryce. 
The 314 and 657 keV gamma-rays, however, both emitted from the 1998 keV 4+ 
level, agree better with #2 than with the proposed multipolarities M1 and M1 
(+ #2) respectively. Furthermore, the 754 keV gamma-ray going between the 
3280 keV 5- and the doubtful 2526 keV levels must be ascribed to an £1 transition 
instead of H2 as suggested by the level scheme. It is too early to conclude if these 
deviations may significantly change the level scheme. In addition more satisfactory 
coincidence measurements are required for both Pb2® and Pb20, 

We have mentioned these recent investigations in order to emphasize the necessity 
of combining different kinds of measurements so that the level assignments as much 
as possible may be unambiguously based on experiments. Theorists should be very 
careful when comparing their calculations with experimental data, because in spite 
of the fact that an enormous lot of work has been performed by nuclear spectros- 
copists there exist in fact only a few level schemes where the given assignments have 
been checked in a satisfactory way. 

It must also always be kept in mind that due to selection rules several levels may 
not be seen in beta-decay experiments. lt is evident that high resolution measurements 
of particles emitted in nuclear reactions would be a useful complement to beta- and 
gamma-spectroscopy. The measurements by Harvey [9H53] have been mentioned 
(see 1.23 and 2.22). His results, though interesting, suffer from a poor resolution. 
Quite recently a group at the Indiana University [14M57] has analyzed the protons in 
Pb?’ (d,p) reactions with a double focusing spectrometer and has found 8 proton 
groups corresponding to 7 excited states. The accuracy in energy differences was 
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about 0.02 MeV. It is hoped that similar experiments in the future will contribute to 
a better knowledge of the level schemes discussed. 

if We finish this section by referring the reader to Fig. 8. Obviously most of the 
experimental and theoretical information is concentrated in the lower right part of 
the figure. This is due to the “position” of the stable isotopes of Tl, Pb and Bi, and 
to the fact that Pb?°7 is so far the only one-nucleon case which from the experimental 
point of view is satsifactorily known. Pryce’s calculations are in addition depending 
on the knowledge of levels in the two-nucleon case. In calculations where the radial 
wave functions are explicitly given, however, one is only dependent on the knowledge 
of the one-nucleon cases. For this reason experimentalists are urgently suggested to 
investigate further especially the levels in Bi2°® and Pb. In these two cases some 
information [3D57] is already available, though it is not so complete that one could 
suggest detailed calculations of levels in Bi2!2, Bi2!1, Bi2!°, Pb2!2, Po®!1, Po#19 and At211. 
For these last nuclei a considerable number of excited states is known, but in many 
cases no level assignments at all have been given. It is, however, probably only a 
question of a few years’ work before the levels of the several nuclei mentioned above 
are known to the same degree of accuracy as for example levels in Pb®°*. In this way 
the central and right part of Fig. 8 would be experimentally well covered. 

- It does not seem hopeful to obtain more extensive experimental information on 
nuclei in the left part of Fig. 8. This is due to the fact that many of these nuclei have 
not yet been discovered. Because they are expected to be shortlived, beta-spectro- 
‘scopical investigations will be difficult. Some information may be obtained from par- 
ticle reactions, but in many cases the measurements would involve neutron energy 
determinations. For instance, the important one-nucleon case in this region is T]?, 
where only one excited state is known from alpha-decay of Bi?!! [1C38]. Levels in 
T1?°? may be reached in Pb?” (n,p) reactions. We here meet with the difficulty of 
‘producing neutrons of well defined energies and of sufficiently large intensities to 
permit high resolution analysis of the protons. 


3.2. Level systematics 


3.21. Introductory remarks 


In this section we discuss the systematics of levels which are supposed not to be 
of single-particle character. Somewhat arbitrarily we call these levels complex levels. 
Among these are obviously the levels in odd-odd and even-even nuclei. Some of the 
nuclei discussed here are situated quite far from Pb? and will probably never be 
the subject of calculations of the type discussed in the preceding section. Nevertheless 
they are included because their properties emphasize those of nuclei more close to 
the double-magic number. 

Another type of complex levels has already been discussed in connection with the 
missing M4 transition in Pb?°>. The levels concerned arise in odd-even or even-odd 
nuclei when the nucleons deviating from Pb” orientate their angular momenta in 
a general way. This gives rise to a much larger number of levels than suggested by the 
extreme single-particle shell model. The reader is referred to Pryce’s paper on Ph? 
[5P56] and to the discussion in section 2.24 of the present paper. 


3992. First excited states in even-even nucler 


The regular behaviour of the first excited states in even-even nuclei was first dis- 
cussed by G. Scharff-Goldhaber [11853] and by Preiswerk and Stahelin [7P53]. 


44] 


Fig. 9. The first excited state (2+) in even-even nuclei as a function of neutron number. It may 
not be relevant from the point of view of the shell model to connect points representing different 
isotopes of a certain element, because the 2+ states may originate from different configurations. — 


It was found that the excitation energy is especially high at closed shells (magic 
numbers). In several works the points reperesenting the energies (versus A) have 
been approximated with a smooth function. As already Preiswerk and Stahelin : 
pointed out, however, the atomic number is also a relevant parameter (see Figs. 
9 and 10). This is especially evident in the Pb case. Previously insufficient information 
gave the impression that the energies of the first excited states in Pb isotopes increased 
drastically with A. Later it was shown, however, that the first excited state in Pb? 
is not a 2+ state [1E54] and that the order of emission of the gamma-rays in Pb?04 
was another than was first believed [4K55, 2H56]. In addition there is also new in- 
formation about the energies of the 2+ states in Pb?°? [1M57] and Pb? [1J57]. Thus, 
in the case of Pb isotopes it is now established that the energy of the first excited 2 + 
states decreases instead of increases towards N = 126. An exception is of course~ 
Pb?°8 where no 2 + state has been found as yet, but where it seems plausible to assume 
that the first excited 2+ state anyhow is larger than 2.62 MeV. In the case of lead 
it is observed that the change in excitation energy of the first 2+ state is very large 
when two neutrons are removed from the shell WY = 126, while the changes for remov- 
ing still more neutrons are rather small. (Qualitatively the same thing applies to 
protons.) Approximately the 2 + states for nuclei with the same neutron number have 
the same energies. The change in energy from Pb to g9)Hg is much larger than from 
golig to Pt ete. 


From the point of view of the nuclear shell model it is of course not relevant to 
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Fig. 10. The first excited state (2+) in even-even nuclei as a function of proton number. 


connect points representing the lowest 2+ states in isotopes of a certain element, 
since the 2+ states may originate from different configurations. Especially the 
extrapolation to an unknown point in Pb, which has no extra holes or particles, is 
of little interest. 


3.23. Hacited states in even lead isotopes 


In Fig. 11 the experimentally known 2+,4+,5—,7— and 9— ri have been 
plotted. 7’ is the theoretical value of the position of the (p,/."/; jot ja)q- level in Pb*** 
calculated by True [2T56] and P the value of the (f5/2713/2)9_ in Pb?°* calculated by 
Pryce [1A54]. The smooth behaviour of the first excited states in Pb has already 
been discussed. However, also the 4+ and 5— states seem to behave very regularly. 
An interesting question is the appearance of isomeric transitions. Two £3 transitions 
have been observed in Pb?°* and two pairs of #5 transitions in Pb?°* and Pb, 
respectively. The pair of isomeric transitions in each nucleus is emitted from the 
same state. No isomeric transition at all has yet been observed in Pb? and Pb!®%. 
It also seemed puzzling that #3 transitions were observed from a 7— state in Pb”, 
while #5 transitions in Pb?°2 and Pb? were emitted from 9— states. This can be 
understood from the calculated values of the 7— state in Pb? (True) and the 9— 
state in Pb®°* included in Fig. 11. Connection of theoretical and experimental points 
indicates that the 7 — and 9— levels cross in such a way that the metastability of the 
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Fig. 11. Excited states in the lead isotopes. From the point of view of the shell model it n 
not be relevant to connect all the points representing the same assignment, because they n 
‘in some cases arise from different configurations. = 


9— level is destroyed by the 7— level in Pb®*. This 9— level decays to two 4+ 
levels in both Pb?! and Pb?°?. In addition the 9— level in Pb? also decays to a 5— 
level which has crossed the 9— level. Extrapolation of the (5 —), line indicates that 
in Pb the half-life of the 9— state would be determined by a 400 keV H4 (9—— 
(5—),) gamma-ray. The gamma half-life of such a transition would be about 2 x 10+ 
times less than for the 129 keV #4 transition in Pb??. The trends of the levels 
in Pb thus suggest that the 9— state in Pb? should have a half-life of the order of 
a few minutes. This would explain why it has not been observed in Tl (p,an) experi- 
ments [1J57]. By rapid milking of Pb from Bi? it may be possible to follow the decay 
of the 9 — state as in the case of Pb?°4 [2H56]. Such an experiment may fail, however, 
because of the increasing probability of electron capture from the isomeric state 
towards lower mass numbers. - 
The extrapolations used are certainly questionable because the 9— and 7 

states may arise from different configurations, but nevertheless agreement with the 
experiments is obtained. ; 


3.24. Levels in odd-odd nuclei 


Low-lying levels in odd-odd nuclei of Bi, Tl and Au should in several cases hav 
predictable spins and parities. The 79 and 81 proton levels (81/2,43/2,d5/2) for exampl 
have positive parity, while the parity is negative for low-lying states of the 125, 

} 
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Table 5. Assignments of ground states in odd-odd isotopes of Tl and Au. 


\N 

Dw 115 117 119 121 123 125 
4 81 2-4 2-> 2-¢ 2-4 o-¢ 
j 79 |2-(1=| 9-29 2—h 


__ “Spin 7 of the isomeric state is measured with the atomic-beam resonance method [12B57]. 
Thus the ground state spin 2 is uniquely determined by the M4-M1 cascade from the 
isomeric state to the ground state [8A57c]. 

© Assignment 2— suggested because of the three positron branches from the Tl2 ground 
‘state to the 0+ ground state and 2+ and 4+ excited states in El p20 2S iil. 

_ ©2— suggested from the decay Pb 202"_7]202" [157]. 

; Spin 2 measured with the atomic-beam resonance method [12B57]. Assignment 2— 
consistent with the shape of the spectrum of beta particles emitted between the ground 
state of of T12°* and the 0+ ground state of Pb?°4 [15M52]. 

_ ° Assignment O0— suggested from the beta-decay (Emax = 1510 keV) between the ground 


state of T1?°° and that of Pb2% [6K54]. No beta transition has been observed to the 803 
keV 2+ state in Pb2°, 


f2— or 1— is consistent with the decay of Au! [3D57]. 
92— suggested from the mode of decay of Au [9849, 6852]. 
Spin 2 determined with the atomic-beam resonance method [8C56] and supported by 
studies of the angular distribution of circularly polarized gamma-rays [8B57a]. Negative 


“parity suggested from the shape of beta spectra between the ground state of Au}? and the 
ground state and 2+ state of Hg! [1E55]. 


“123, 121 etc. neutrons (p;/2, 3/2 and f;/2). For this reason the ground states of odd- 


-odd nuclei should have negative parity. As can be seen from Table 5 there is no excep- 
tion from this rule. 


Posititve parity of low-lying excited states in Tl and Au can result from the 


EvenA 
Tl-isotopes 
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Neutron number 


Fig. 12. Levels in the odd-odd isotopes of Tl as functions of neutron number. 
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Table 6. Comparison between the level spacings %43)>-f5)2 in odd Pb isotopes an 
7+ —2— in even TI isotopes. 


Level spacings, keV 


tigtatsia Ebb | F-2—T1 | 


117 424 543 : 
121 825 820 } 


123 980° 1116 


4 From extrapolation in Fig. 2. 


coupling between an odd neutron of negative parity (1/2, P3/2 or f5/2) and a proton 
in an 11/2— state or between an odd proton in a positive parity state (81/2, ds). OF 
dsj.) and a neutron in a 13/2+ state. In this way high spin levels of positive parity 
may arise. The lowest levels of this kind are probably due to (8,/2)p (7143/2) O (fs/2) 
(h41/2)p configurations. Suppose that the 7+ states observed in Tl}%, T1?°? and T]? 
are due to the configuration [(81/2)p(213/2)vl7,- The 2— ground states in Tl are most 
probably due to the configuration [(s,/2)p(f5/2)wla-- If this were the case, the level 
spacing 7+-—2-— should vary with energy in the same way as the 1,3/.~/;/. spacing 
in the odd lead isotopes. This is admittedly very speculative especially since the 
7+ state in Tl? is not satisfactorily ascertained. Nevertheless it can be seen from 
Fig. 12 that the level spacing 7+-—2— increases with N as the 15/.-/;/. spacing in 
the odd lead isotopes (Fig. 2). It should also be noted that the energy spacings are 
almost equal for the same number of neutrons, which supports the assumptions made 
as to the configurations (Table 6). 

If our assumptions are correct the 117th neutron should be in an f;/. ground state. 
In “Pb, in fact, the ground state has been given the assignment 5/2— [5S856, 
3A57], which at first seemed puzzling because it would mean an irregular filling of 
the fs, shell (see 2.2). It is possible that the 3— level at 282 keV observed in Tl198 
[2B53] is due to the configuration [(s,/)p(f5/2)vls_. If this were the case the M4 
transition between the 7+ and 3— states should be of the 713;.>/5/2 type and there- 
fore the matrix element of this transition should fit into the systematics. As can be 
seen from Fig. 18 (p. 461) this is indeed the case, which is another fact supporting the 
assumptions about the configurations made above. 


3.25. “Anomalous”? levels in Hg'*® and Hg? 


We have repeatedly mentioned the possibility of destruction of metastable states 
because of the presence of complex levels. The coupling between possible spins of 
the excited states of the even-even core and the spin of an odd particle is of con- 
siderable interest. In Hg!®8 and Hg the first excited 2+ states have energies 412 
and 368 keV respectively. In Hg! the low-lying levels identified with shell model 
predictions are p,/, (0), Y3/. (158) and f;/. (208). However, at 491 and 455 keV there 
are levels of the assignments 1/2— and 1/2— or 3/2-, respectively [2B53]. These 
levels should not be single-particle levels. It seems plausible to assume that they arise 
from the coupling between the 412 keV 2+ state of the core of Hg?*8 and single- 
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rticle states. This possibility seems so interesting that it could be worth while 
king more detailed measurements on the decay of Tl®® than have been made so 
For the same reason further investigations of the levels in Hg?®" seem desirable. 
he number of low energy gamma-rays emitted in the decay of Tl!®” indicates that 
‘similar state of affairs may exist also in this case. 
_ The decay of Tl?! seems to be quite a puzzle. 4 M1 gamma-rays of energies 31, 32, 
135 and 167 keV have been observed [4B55]. The 32 and 135 keV gamma-rays are 
srobably emitted in cascade from the same level as the 167 keV gamma-ray. With 
resent coincidence information it seems impossible to fit in the 31 keV gamma-ray 
without making the extreme assumption that there exists a state only about 1 keV 
above the ground state. Even if more refined coincidence measurements would revise 
his level scheme, the fact remains that with the 4 M1 gamma-rays it is impossible to 
construct a sequence of levels including only the single-particle levels 3/., p,/. and 
fsy2- At least another 1/2—, 3/2—, or 5/2— level is required. It is possible that this 
additional level is of the same origin as the “anomalous” levels in Hg!®. 


4. Multipole transitions 
4.1. Distribution of transitions from metastable states 


In their survey article on nuclear isomerism of 1955, Goldhaber and Sunyar [3G55] 

were able to record the comparative lifetimes of about 30 transitions in the Z-region 
77-83. It is characteristic of the rapid development in this field that at present, two 
years later, the number of known cases has redoubled as evident from Table 7. 
- Only transitions originating in levels of definitely stated lifetime are included in 
this table. There are, however, additional transitions for which an upper limit to the 
‘decay rate has been determined and still others which from the proposed level schemes 
and multipole systematics can be judged to have a measurable half-life. Even such 
eases have been considered in Table 8, where some further data on transitions from 
metastable states are given in order of atomic number and mass number. 

We have attempted to list in these tables the most accurate values of gamma-ray 
energy and level half-life available. This necessarily means a quite subjective choice 
and may in some cases exclude references of considerable interest. As a rule, however, 


Table 7. Distribution of multipole transitions from states with measured half-life. 


Multipolarity 
Z Total 
El | E2 | E3 | E4 | E5 | M1 | M4 |H2+M1 

83 1 1 
82 1 4 2 1 4 5 17 
81 2 I 1 2 10 
80 5 4 1 10 
79 3 3 1 7 
78 4 3 7 
77 2 1 3 9 
Total | 1 | 19 | ll | 1 | 4 | 1 | 17 | 7 | 61 | 
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Table 8. Multipole transitions from states with measurable half-life. 


Multi-| Zy 
Z| A pole -keV ek 
83| 210 | M1 | 46.503 | 6F57 
206 | #2 | 59.93 | 4457 
82} 209.| #1 120 | 1856 
208 |M1+ | 510.85 | 1L52 
+ E2 
E2 | 583 | 154 
E3 | 2614.25 | 1L52a 
207 | #2 | 569 | 1A55 
M4 | 1063.9 | 1453 
206 | #3 | 202.5 | 1454 
E3 | 516.1 | 1A54 
E2 | 803.3 | 1A54 
205 
204 | #2 | 374.7 | 2456 
E5 | 622.2 | 2H56 
E2 | 899.3 | 2H56 
E5 | 911.7 | 2H56 
203 | M4 | 825.2 | 5856 
202 | #4 | 129.3 | 1M57 
E2 | 422.1 | 1M57 
E5 | 547.2 | 1M57 
E5 | 787.2 | 1M57 
201 | M4 629 | 5856 
200 | #2 462 | 1357 
199 | M4 | 424.1 | 3457 
198 
197 | M4 | 234.0 | 3457 
195 | M4? “= -— 
81] 208 | M1 40 | 3H56 
207 | H2+| 350.1 | 1038 
+M1 
205 | H2+] 205 | 3B55 
+M1 
204 | #3 706 | 1V56 
203 | H2+ | 279.17 | 1ws6 
+M1 
E2 679 | 1W54 
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7.8 Us 

3.1x 10-*s 
<10-%s 
2.4 10-19 s 
<= 107s 


0.9 x 10-938 
1.0 x 10-185 
0.799 s 


123 us 
123 ps 
7.70 x 10-128 


2.6x 10-7s 
67.5 min 
<6x10-%s5 
67.5 min 


6.09 s 


3.62 h 
<10-°s 
3.62 h 
3.62 h 


6ls 


12.2 min 


42 min 


17 min 
<7x 10-1135 
<3x10-"s 


2.48 x 10-105 
4.4.x 10-9%s 


65 Us 

1.2 x 10-10 g 
3.25 X 10-10 
1.12 x 10-23 


4A57a 
1856 
1E54 


1E54 
1E54 


1056 
2855 
IB55 


1T57 
1T57 
2855 


4855 
2H56 
4855 
2H56 


2A57 


2A57 
3W56 
2A57 
2A57 


5856 


3A57 


Remarks 


—S_E_—E———— a 


| 'T 7, measurable? 


Coulomb excitation 


Coulomb excitation 


Expected M4 not observed 
[38S56, 1H56], cf. section 2.24 


T,;, measurable? 


Possible #4 [2B55] not observed 
with 7,,.>1h [4B55] 


Possible H4 [2B55] has 
Ty12<25 min [3455] 


Only E.C. branch from high 
spin level observed 


1.0 x 10-" s [19B56] probably 
too low [19B57] 


Coulomb excitation 
T 1. (Y, #2) from Coulomb 
excitation 


Assignment according to 1M57 


Coulomb excitation 
Coulomb excitation 


201 


200 
199 


198 


197 
196 


195 
204 


203 


202 


201 
200 


199 


198 


197 


196 
195 


193 


£2 


E2 


E2 


439.1 


367.8 


158.4 


208.5 


368 
47.7 


411.77 


134.0 
165.3 


426 
37.1 


122.7 
39.2 


101.2 


2B53 


2B53 


2B53 


5H50 


4H49 
3A57c 


5M52 


6M53 
6M53 


6852 
2555 


2555 
2G54 


2G54 


8.0x 10-*°s 


1.75 h 
0.55 s 


3.58 


2.4x10-“5 
3.0 x 10-11 


4.7x 10-8 


2.35 x 10-°s 
5.3.x 10-°s 


2.1x 10-15 
2.4x 10-%s 


44.4 min 


Dol lO=tis 


2A57a 


2M54 
3A57a 


38A57a 


3M55 
3B56 


3B56 


5B52 
3B56 


3M54 
3B56 


4M48 


3B56 


2.18 x 10-8 |3M54a 


0.8x 10's 
23 h 


40 h 


12h 


1D50 
6H51 
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Remarks 


T;, measurable? (1-forbidden 
M1 transition) 


T;, measurable? (1-forbidden 
M1 transition) 


Ti, may be measurable 


Ti). may be measurable 


Ti, may be measurable 
Expected M4 not observed. 
Cf. section 2.24 


Resonance fluorescence 
T112 (Y, #2) from Coulomb 


excitation 

Cf. A=203 

T 1). (Y, #2) from Coulomb 
excitation 


Tih. (yY, #2) from Coulomb 


excitation 
Resonance fluorescence 
T,, (Y, H2) from Coulomb 


excitation 


T;9: no evidence 5 x 10-* s— 
5x 10-8 s [2A57a]; no evidence 
5 x 10-8-10-!s [3A57d] 

T42 (Y, #2) from Coulomb 


excitation 
Resonance fluorescence 


T,;, may be measurable 


T,;2, measurable? (1-forbidden 
M1 transition) 


T;, taeasurable? (1-forbidden 
M1 transition) 


449 


® 
I. BERGSTROM AND G. ANDERSSON, Nuclear energy levels in the lead region. I 


pole keV : i i 
ee EE —E—EE— ————E—————— ee eee 
79| 197 | H2+ | 77.4 | 6M53 1.9 x 10-°s 4855 

+M1 

E3 130.2 | 6M53 7.238 2F55 

M4 | 409.5 | 6M53 7.238 2F55 

195 E3 56.9 | 2355 30.68 2F55 

H2+ | 61.4 | 2355 T.;, may be measurable 

+M1 

M4 | 318.4 | 2355 30.6 s 2F55 

193 E3 31.9 | 2G54 3.88 8 2F'55 

H2+ | 37.9 | 2G54 . T 2 may be measurable 

+M1 

M4 | 289.8 | 2G54 3.88 s 2F55 
C3) 199 Expected+1 min M4 not ob- 

served after Pt+d [2A57] 
198 E2 403 2855 1.88 x 10-415 | 2855 | Coulomb excitation 
197 | M4 337 4H49 78 min 4H49 
196 H2 354 6852 3.49 x 10-115 | 2855 | Coulomb excitation 
195 | M4 129.9 | 2C54 3.45 d 4H49 
H2 130.2 | 2C54 4.2x10-*s Ty;2 calculated from 6B55, 
Coulomb excitation 
#2 240 6B55 T1;, may be measurable 
194 H2 | 329.07 | 2R55 3.85 x 10-4 s | 2855 | Coulomb excitation 
193 | M4 135.5 | 2054 3.35 d 2054 
192 H2 | 295.94 | 7B55 Ty). may be measurable 
H2 | 316.46 T,;2 may be measurable. An- 
other 5—6 strong H2 transi- 
tions [7B55] 
17\ 193 H2 73.1 2C53 6.0 x 10-%8s 2W5 

M4 80.19 | 8B57 11.9d 8B57 

H2+ 143 2D56 2.8x10-*s 2D56 | T,). (y, E2) from Coulomb 

set | excitation 

H2 368 2D56 5.2x10-4s | 2D56 | T,),. (vy, H2) from Coulomb 
excitation 
192 H3 58.0 7M54 1.42 min 4H49 
191 3 41.7 8852 4.91 s 2F55 

H2+ 82.3 4855 3.85 x 10-5 4855 

+ 1M 1 

H2+ | 129.6 | 3D57 4.0x 10-83 2D56| 71). (vy, H2) from Coulomb 

+M1 excitation 

H2 356 2D56 2.5x10-Ms | 2D56 | T,), (y, H2) from Coulomb 


Table 8 (continued) 
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excitation 
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papers referred to are of recent date and give further references to previous work. 
en a half-life has been measured by different methods, representative results of 
h method are given. If no remark is made it is understood that the decay rate 
ras directly measured (cf. 1.24). 


ca - 4.2. Transition probabilities 
4.21. Treatment of data 


_ The great number of newly discovered isomers in nuclei of Z =77-83 forms a 
good reason for reexamining the systematics of gamma-ray transition probabilities 
in this region of the periodic table. In addition, improved measurements on earlier 
known transitions have been reported in several cases. To some extent the comparison 
between experimental and theoretical transition probabilities may also be influenced 
by the recent development in the field of internal conversion coefficients (see 4.3). 
_ If we denote by G the fraction of all decays from the level of observed lifetime t 
that goes via the multipole transition of interest (that is, G includes internal conver- 
sion as well as radiative decay), the experimental gamma-ray transition probability 
is given by 
G 


Pow TL +a)’ (3) 


e 


where « is the total internal conversion coefficient of the transition. 

- Accurate measurements of conversion coefficients are relatively rare. Throughout 
this work we have therefore chosen to calculate « from theoretical values of the 
partial coefficients «, etc. For reasons that will be made clear in the next section the 
most reliable computations available at present are those of Sliv and Band [13856] 
for x, and those of Rose et al. [3R54] as far as the ratios between K and L coefficients 
are concerned. Thus we write 


; ore 1.3 
cm cnt ot yt te (1+ SE 4 Sane +) = ax(1+ 2), (4) 
obva eb 4 XK 


where the last stage is a result of the empirical “thumb rule” approximation «y,7¥..- 
=0.3 az. This approximation may certainly lead to significant errors when a,x is 
small relative to «,. In particular this is so at transition energies below the K electron 
binding energy, where the absolute L conversion coefficients of Rose et al. [3R54] 
have to be used in calculating «. (It may be remarked that Rose et al. have calculated. 
M conversion coefficients, but these can be used only for comparisons between the 
various subshells because the effect of screening was not included.) 

Besides appearing in the denominator of Eq. (3), the conversion coefficients may 
enter into the experimental transition probabilities through the factor G@ eit «for 
instance, a level is de-excited by an electron capture branch in addition to the multi- 
pole transition, G can be determined by measuring in an electron spectrometer the 
intensity of the K conversion line of the latter relative to that of a multipole transt- 
tion following the electron capture decay. Denoting these intensities I, and Ix, 
respectively, we have 
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where the conversion coefficients are calculated according to the preceding para 
graph. Similar discussions apply to other types of branching. hee 
From a quantum theoretical treatment of multipole radiation the gamma-ray 
transition probabilities are obtained as functions of multipole order L, energy £,, 
‘nuclear radius a, a statistical factor S and the nuclear matrix element Mz, or Mux 
referring to electric and magnetic 2L pole radiation respectively. The matrix elements 
contain the dependence of the transition probabilities on specific nuclear properties, 
which in general are unknown. Under certain simplifying assumptions, however, 
matrix elements can be evaluated for different nuclear models. 
As pointed out already in the introduction, nuclei near the double shell clos 
Z = 82, N=126 may be expected to show characteristics especially suited for a 
single-particle shell model treatment. In terms of this model Moszkowski [1 ye 
gives the gamma-ray transition probabilities as 


P(H, L)=0(E, Lyx A??? xBox, (7a) 
7 


P(M, L)=0(M,L)x A? 2-8 x Betty (7b) 


The constants take on different values for single proton transitions and single 
neutron transitions. We have chosen to compare the experimental probabilities 
for H2, #3, #4, and £5 transitions with the single proton estimates and those for 
M4 transitions, most frequently occurring in odd neutron nuclei, with the corre- 
sponding single neutron values. In all cases we put the statistical factor equal to 1 
(from which it deviates by less than a factor 2 in the actual cases where tabulated 
values are available). The mass number factors in Eq. (7) arise from the introduction 
of the nuclear radius as a =a, x At. Thus the constants contain ay to the powers 
2L for electric and 2(Z —1) for magnetic transitions. Moszkowski used My = 1.45 x 
10-° cm. We have recalculated the constants with @ =1.2 x 10-13 em. 


As a measure of the agreement between single-particle theory and experiment 
we define a deviation factor 


F Pen) E saps (8) 
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Fig. 13. The deviation factor F of #2 transitions as a function of neutron number. The numbering 
of the points refers to Table 9. 


Thus F may be said to represent the departure of the experimental matrix elements 
from those obtained by the single-particle estimates (including, however, also the 
influence of the statistical factors). 

The relevant data on transition probabilities are collected in Tables 9-12. Note 
especially that we have here listed the experimental lifetimes of the levels in contrast 
to Table 8 where the half-lives were given. 

A few general remarks concerning the uncertainty of the deviation factors F will 
be made. From Eqs. (7) and (8) an error in the transition energy is seen to appear 
magnified to the power 2Z + 1 in F. Nevertheless it is found that in almost all the 
cases where error limits are given for both H, and t, (2L + 1)dE,/H, is smaller than 
dr/t. This fact can hardly be explained as due to a more conservative treatment of 
the lifetime data. (On the contrary it is felt that the possibility of considerable syste- 
matic errors is often disregarded in this connection; cf. 1.24.) It should rather be consid- 
ered significant for the difficulties inherent in these measurements. For reasons dis- 
cussed above an insufficient knowledge of conversion coefficients may give rise 
to non-negligible errors in F, especially at low energies, where «>1 for the multi- 
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Fig. 14. The deviation factor F of #2 transitions as a function of proton number. The numbering 
of the points refers to Table 9. 


N 


polarities concerned. In the relatively few cases where it has been possible to assign 
r.m.s. error limits to F’, a 3% contribution from « has been assumed. This is intended 
mainly to cover interpolation uncertainties. The branching fractions G are of a varying 
accuracy. In general their relative errors must be expected to increase with decreas- 
ing G and may exceed 100% in some of the actual cases. 

Summarizing it may be stated that with few exceptions, mainly represented by 
the transitions for which error limits to F of about 10 % or less are given in the tables, 
the experimental material pertaining to gamma-ray transition probabilities is far 
from satisfactory. This should be remembered in looking for regularities and trends 
in Fig. 13-19, which show the deviation factors as functions of nucleon numbers for 
the different multipolarities. f 


4.22. Discussion of regularities 


Though for reasons just mentioned no attempts to “‘fine structure” analysis of the 
figures will in general be made in the following discussion, we have considered it 
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4 oe 
Fig. 15. The deviation factor F of #3 transitions as a function of neutron number. The num- 
bering of the points refers to Table 10. 


f interest, especially in view of the double shell closure, to illustrate the Z-dependence 
4 well as the N-dependence of F when this is permitted by the experimental material 
vailable. 

4 Most of the H2 transitions are characterized by high deviation factors, that is, 
they are more rapid than predicted by the single particle model. F as a function of 
the neutron number, however, shows a marked and sudden decrease near N = 126 
(Fig. 13, p. 453, cf. ref. 3G55). This “shell effect” is perhaps even more clearly demon- 
strated in a plot against Z (Fig. 14). It is certainly ofa special interest to follow the 
behaviour of corresponding transitions in the various nuclei. This possibility has been 
indicated in the figures for the 2+-—>0+ transitions in even-even nuclei and the 
5/2 — 1/2 — transitions appearing in even-odd nuclei. In both these cases the transi- 
tion probabilities for Z = 82 agree fairly well with the single-particle estimates. (It 
may be worth mentioning that the final spin 1/2 gives a statistical factor = 1.) 
The other #2 transitions in lead which involve different spin changes are still slower. 
It is interesting to note that according to a theoretical treatment [4W57] (cf. 3.1) 
the similarly hindered quadrupole transition in the odd-odd Bi2%, originating in the 
first excited state, probably proceeds without change of nucleon configuration, 
which may explain the slowing down [4W57a]. 

_ The general trend of the £3 transitions in F —N and F —Z plots (Figs. 15 and 16) 
is quite opposite to that of the #2 transitions. F is less than one (with the prominent 
exception of the ground state transition in Pb2°8) and increases towards N = 126 
[ef. 3G55] and Z = 82. The most frequent type of spin change, 11/2 — + 5/2+, does 
not give rise to a smooth F—Z curve. It is tempting, however, to pay special atten- 
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Fig. 16. The deviation factor #", of faa aba Aas" a function of proton number. The num! 
of the points refers to Table 10. 
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Fig. 17. The deviation factor F of E5 transitions as a function of neutron number. — 
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. 18. The deviation factor F of M4 transitions as a function of neutron number. The number- 
ing of the points refers to Table 12. 


ion to the pairs Au!—Au!®? and Tl!%—T}197 which show good internal”agreement 
s would be expected of analogous proton transitions in nuclei differing only by 
neutrons) and in addition seem to follow the general trend of the Z-dependence. 
‘he deviation of the other points may reflect differences in configuration. 

' The ‘sparse £5 data, which exclusively concern transitions in lead, point to the 
same rough agreement with theory as shown by E2 and £3 transitions near the 82 
sroton shell (Fig. 17). An interesting feature is the pronounced dependence on 
onfiguration exhibited by transitions from the 9 — states to final 4+ states of differ- 
nt character. If it is at all possible to speak of an N-dependence in this case it indi- 
sates again an increase of F with neutron number towards NV = 126. 

_ M4 transition probabilities have long been known to agree surprisingly well with 
ingle-particle calculations. In view of this fact the interpretation of Fig. 18 meets 
with difficulties. Here the behaviour of the “cross over’ M4 transitions (11/2 —-— 
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Fig. 19. The deviation factor F of M4 transitions in Pt, Hg and Pb as a function of proton 
number. The numbering of the points refers to Table 12. 


3/2+) in odd Au isotopes deviates in a striking manner from the approximately 
N-independent course of the 13/2 + —5/2— curves. It will be recalled that the M. 
deviation factors were calculated for neutron transitions, while the Au transition 
concerned are ascribed to protons. Taking this into account improves indeed the 
general agreement, but the difference by a factor ~ 30 between the extreme Au points 
remains. On the other hand the 11/2 —-+3/2+ transition in Ir! does not deviate 
markedly from the bulk of transitions in Fig. 18. It is also worth noticing that Gold- 
haber and Sunyar [3G55], looking for finer details of the M4 systematics over the 
whole periodic system, could not find any favouring by a factor ~2 of the proton 
transitions relative to the neutron transitions as demanded by theory [11M55]. A 
redetermination of the M4/H3 branching in the odd Au isotopes seems highly desir- 
able. It would also be interesting to know the corresponding branching in Tl and 
Tl 1%”; attempts to study the M4 transitions in these nuclei have not been successful 
so far [3A57b]. As to the odd neutron nuclei, the absence of any shell effect among 
the lead isomers was pointed out by Stockendal et al. [5856]. For Hg and Pt the 
experimental data are not as unambiguous, but the deviation factor seems to be 
constant within the limits of error in both cases. Already in Fig. 18, however, there 
are indications of a Z-dependence, which is better demonstrated in Fig. 19. (Note 
the linear F-scale.) A particularly significant feature is that the main increase in F 
takes place nearest to Z = 82. Similar observations have recently been made in the 
second island of isomers [5457]. A redetermination of data pertaining to this effect 
in all three islands with special attention paid to the possible occurrence of earliet 
unknown branching from the isomeric states is in progress [5A57a]. 
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2, Multipole mixing 


e question of multipole mixing is intimately related to the theory of gamma- 

sion probability. According to Weisskopf’s treatment [14B52] the lowest multi- 
le order allowed by spin and parity selection rules is by far the most probable one. 
s is conveniently expressed by writing the Moszkowski formulae for single proton 
nsitions (see 4.21) in the following way: 


¥ 
E LPL) OED) 

. P(M,L+1) C(M,L+1) 6, (9a) 
PUD) OWL) : 
3 P(E,L+1) O(M,L+1) #24" (9b) 


In (9a) the ratio C(£,L)/C(M,L +1) between the constants is about 108 for all 
multipole combinations of practical importance, while the corresponding ratio in 
9b) varies from about 10° for M1/H2 to about 10’ for M4/H5. Thus even in the 
favourable case of a 1 MeV gamma-ray in a heavy nucleus (A ~ 200) the #2 admixture 
nto an M1 transition should not amount to more than about 1%. Only when the 
radiation of the lower multipolarity is considerably hindered or that of the higher 
enhanced does mixing occur to such an extent that it clearly shows up for instance in 
angular correlations between the emitted quanta or electrons and in the conversion 
soefficients. We are going to discuss briefly some multipolarity combinations for 
which observable mixing ratios or limits of admixture have been reported. 


* M1, H2.—The authors have not aimed at a complete review of mixed M1 + H2 
transitions in the lead region. This is partly due to the fact that relatively few accurate 
measurements of the mixing ratio exist. On the other hand the number of reported 
eases is so large that it could no doubt be the subject of a separate survey. Many of 
these cases, however, are evidently in error, mainly because of the previously insuffi- 
cient knowledge of conversion coefficients. A typical example is provided by Pb, 
in which according to Alburger and Pryce [1A54] 9 of the observed gamma-rays 
should have mixed M1—E£2 character in order to fit the level scheme and the intensity 
relations. The conversion coefficients of these transitions have recently been measured 
by Novakov and Hultberg [3N57a]. Within the experimental errors their results 
agree with the “finite size” conversion coefficients (cf. 4.31) for either pure H2 or 
pure M1 radiation. In other cases the application of the “finite size’? correction does 
not invalidate the conclusion that the H2 admixture is appreciable. Such a case is 
that of the 279 keV transition in T12°, which is supposed to involve the hole states 
$1/21 and ds). 1 and thus from a strict single-particle point of view is 1-forbidden for 
M1 radiation. Transitions of this type have been systematically studied by Graham 
and Bell [4G53] and by de Waard and Gerholm [2W56]. Recently Gerholm and his 
collaborators [1G57] started an interesting investigation of the 1-forbidden d3/.—> 81/2 
transitions in T12, Tl, TI97, and TH using a multichannel goniometer, a double 
lens coincidence spectrometer, and electromagnetically separated samples. 


M3, H4.—Mihelich and Goldhaber [6M55] investigated the 74 keV transition in 
the decay of the 14 hr isomeric state of Ost (not listed in the tables of 4.1 and 4.21) 
and suggested the multipolarity M3 with a small admixture of #4. This was required 
to account for the presence of L,, conversion electrons. The long half-life no doubt 
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ne 
indicates a hindered M3 transition. This case seems so interesting that it ought to be 
carefully remeasured. ; ee 
M4, H5.—The constancy of the experimental M4 matrix elements (cf. the devia 
tion factors, 4.22) indicates that if there is any multipole mixing it must be of 2 
similar extent in all the cases (with the possible exception of the odd Au transitions ) 
The possibility of #5 admixture in the 165 keV M4 gamma-ray in Hg” has 
discussed by Coburn et al. [5057]. They conclude from both conversion line intensiti : 
and angular correlation data that there is no detectable admixture. The decay of 
Hg"*” is analogous to the decay of Hg”. Bolotin and Wilkinson [13B55], however, 
measured the K conversion coefficient of the 368 keV isomeric transition in Hg! 
and obtained a value which together with information from angular correlation’ 
experiments suggested a mixing ratio H5/M4 =30%. This result, being in sharp 
contrast to the insignificant #5 admixture in the Hg!®’ M4 transition, could not be’ 
confirmed by Pound and Wertheim [4P56], who report an #5 contribution of only 
0.8%. Even this figure, however, is considered too high by Coburn et al. | 


£2, M3.—Coburn et al. [5C57] have looked for M3 admixture in the 134 keV H2 


transition in Hg!®’, concluding that if it is at all present it must be very small. From 
angular correlation measurements in Pb?°* Krohn and Raboy [4K55] suggest 0.5 %; 


' M3 radiation together with #2 in the 375 keV gamma-ray. Electron intensity measure- 


ments by Herrlander et al. [2H56] indicate that the M3 admixture is less than 0.5 %. 


£3, M4.—E3 transitions in the lead region have been shown in general to be 
considerably hindered (4.22). Thus when it was discovered [3A57e] that their (L, + 
Ly)/Ly, conversion ratios were lower than the theoretical values throughout, multi- 
pole mixing was considered as one of the possible explanations. The 1-2% M4 
admixture indicated by the (LZ; + Ly)/Ly, ratios, however, was not compatible with 
the K/L ratios. In view of the later development, when a computing error affecting’ 
the theoretical Ly, coefficients was revealed [3R56], it is still more conclusive that 
the M4 admixture calculated from the L,/L,, ratio of the 222.5 keV E3 transition in 
TH [3A57a] was less than 0.2 % and zero within the limits of error. A reexamination 
of the experimental material using the corrected L,,, coefficients shows that even the 
(Ly + Ly)/Ly ratios now agree with a pure E3 character of the transitions. 


E4, M5.—The only known F4 transition in the region of present interest is the 
129 keV gamma-ray in Pb?°2, The Z conversion ratio suggests that a possible M5 
admixture must be smaller than 5% [1M57]. 


#5, M6.—From angular correlation measurements Krohn and Raboy [4K55] 
suggested that the 912 keV H5 transition in Pb®°4 should have an admixture of 1 % 
M6 radiation. Herrlander et al. [2H56], however, showed by electron intensity meas- 


urements that the amount must be less than 0.5%. Later experiments by Krohn 
and Raboy [8H56] confirm this conclusion. 


The above survey of multipole mixing, though admittedly not complete, indicates 
that in fact there does not exist very many conclusive results. In most cases it has 
been. possible only to put an upper limit to the amount of admixture. With the 
exception of the M3-—H4 mixing reported in Os! and some M1 + #2 transitions 
the limits of mixing of high multipolarities are in agreement with the Weisskopt 
theory. This means that the lower multipolarity (Z,LZ or M,L) is seldom hindered to 
such a degree relative to the competing higher multipolarity (M,Z+1 or E,L + R 
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ie et 4.3. Internal conversion ratios 
Introductory remarks ’ 


l a few years ago the method of determining multipole orders of gamma-ray 
ions by means of internal conversion data suffered from the limitation that 
iable theoretical values were available only for isolated sets of multipolarities, 
stron shells, transition energies, and atomic numbers. In 1954, however, M. E. 
and his collaborators [3R54] started to distribute the results of an extensive 
putation scheme, including K-shell and L-subshell conversion coefficients for 
multipoles of practical interest, covering a wide range of energies and Z-values, 
d taking the effect of screening into account. As the work proceeded, an increasing 
nount of experimental evidence, concerning absolute conversion coefficients as 
ell as K/L and (L,+Ly)/Ly ratios, pointed to a satisfactory agreement between 
eory ‘and experiment. That, on the whole, this is true of the conversion ratios of 
E2, #3, £5, and M4 transitions in the Z region of present interest is illustrated by 
Figs. 20-26. These figures show the variation of conversion ratios with transition 
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Fig. 20. The K/L conversion ratio of H2 transitions as a function of energy in mc? units. In the 
cases where L is represented by L; +L, the inclusion of L;;; would lower the values by about 10 %. 
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Fig. 21. The (£,+2;)/Zyy; conversion ratio of E2 transitions as a function of energy in m«¢ 
units. In the cases where L11/LZy,1 is given the inclusion of L; would raise the values by about 124 
at k¥0.3 and by 100% at k=0.8. i 


0.2 04 06 08 1.0 12 


Fig. 22. The K/L conversion ratio of H3 transitions as a function of energy in mc? units. 
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he (Di +Ly) ihae conversion ratio of E3 transitions as a function of energy in mc? 
the cases where Ly,/Ly,, is given the inclusion of L; would raise the values by about 4 %. 


3 : 10 12 14 16 18 
units. 
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Price. 24. The K/L conversion ratio of H5 transitions as a function of energy in mc? 
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0.2 04 06 08 1.0 12 14 16 18 2.0 


Fig. 25. The K/Z conversion ratio of M4 transitions as a function of energy in mc? units. In the 
case where L is represented by L, +L, the inclusion of L,,; would lower the value by about 10 4 : 


energy k, expressed in mc? units. The experimental material is taken from Tables 
13-16. | 

Careful measurements of K conversion coefficients of M1 transitions in heavy 
nuclei, however, revealed a discrepancy, implying that the theoretical values are as | 
much as 40 % too high [1W56]. This was explained by the fact that the nucleus had 
been treated as a point charge in the calculations, an approximation that will evidently 
lose in validity with increasing proton number. In fact, K conversion coefficients: 
calculated by Sliv and Band [13856] with regard paid to the finite nuclear size, 
deviate from the point charge values by more than a factor two for high Z, high 
energy M1 transitions. Other types of transition are influenced to an extent that is 
less for electric than for magnetic transitions and decreases with increasing multipole 
order. Though full agreement with accurate experimental values is not obtained even 
with the Sliv-Band tables [1W56, 2N56], they must at present be considered the 
most reliable set of K conversion coefficients (cf. 4.2). 

No finite nuclear size calculations of ZL conversion have yet been completed. (Such 
calculations have been started both by the American and the Russian groups.) 
Experiments indicate, however, that the L, and probably the L,, coefficients behave 
similarly to the K coefficients [1W56, 14856], while Ly, is substantially unaffected. 
There are even theoretical arguments in favour of this interpretation [3R56, 11B55]. 
Nuclear size effects may, therefore, be expected to show up in the conversion ratios. 
This was considered to justify a more rigorous comparison between point charge 
theory and experiment than represented by Figs. 20-26. Such a comparison receives 
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“a 26. The (£,+L,;)/Ly,, conversion ratio of M4 transitions as a function of energy in mc? 
units. Where L,/L,,;; is given the inclusion of L;; would raise the values by about 20 %. 


Z 
Zz 

n. increased interest by the recent observation by Church and Weneser [6C56] that 
ditional matrix elements, not included in Sliv’s and Band’s treatment, arise from 
he interaction of the atomic electrons with the nuclear charge and current distribu- 
ions. (This is less explicitly expressed in an earlier paper by Kramer [2K56].) Also 
n this case the corrections are probably most important for M1 transitions, but in 
winciple all multipolarities should be influenced. It is pointed out that different 
lectron shells and subshells may be differently affected, that is, conversion ratios 
nay be particularly sensitive to this type of nuclear size effect. 


1.32. Treatment of data 


- Rose et al. give the theoretical conversion coefficients for Z= 15 through 95 in 
steps of 10 and for a number of transition energies between k =0.05 and k = 2.0. 
In interpolating to interjacent Z-values, a commonly accepted procedure seems to 
pe the connection by straight lines of neighbouring points in a log-lin representation 
of the coefficients against Z. We have found, however, that in some cases this leads 
‘0 considerable deviations from a smooth curve joining the given points within a 
larger range of atomic numbers. Thus, interpolating between Z = 75 and Z = 85, 
ve have considered also the points corresponding to Z=65 and 95. Sometimes, 
notably for the L, coefficients of H2 transitions, it was necessary to include even 
Z = 45 and 35. 

The interpolation to actual transition energies was performed by plotting the con- 
version coefficients against energy in a log-log diagram. A difficulty was encountered 
n connection with the K shell conversion of low energy transitions, where the 
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and theoretical values of K/L and ( 
ions as functions of energy in mc 


tion deviates appreciably from straight lines. The absence of points 
= 0.20 and 0.40 in Rose’s tables makes an accurate interpolation unfeasible. 
y and Band, however, give finite size corrected values for k = 0.20, 0.25, 0.30, 0.35, 
1 0.50, which we have used to construct “curve shape standards”. The difference 
the conversion ratios obtained in this way and the “true” point charge ratios 
| probably not significantly exceed the interpolation error +3% which we have 
ymed throughout the calculations, summarized in Tables 13-16. 
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Fig. 28. The ratios between experimental and theoretical values of K /Z and (Ly + Ly) /Lun 
: tios of H3 transitions as functions of energy in mc® units. 
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Fig. 30. The ratios between experimental and theoretical values of K /L and (Ly +Lyy) /Lyy 


conversion ratios of M4 transitions as functions of energy in me? units. 
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_ In these tables only such transitions have been included which for various reasons 
believed to be reasonably ‘“‘pure’’. The main results of the treatment appear from 
umns 8 and 12, where the ratios between experimental and theoretical values of 
(/L and (L, + Ly)/Ly, respectively, are given (with r.m.s. errors when possible). 
Graphical representations of the ratios Exp./Theor. are shown in Figs. 27-30. 


‘i 2 4 
1.33. Discussion 


_ Itis directly apparent from the figures that the general trend for all multipolarities 
indicates a convincingly good agreement between theory and experiment. In par- 
ticular no systematic deviations as would result from nuclear size effects in the Sliv— 
Band sense can be distinguished. It is true that there are isolated points quite far off 
from the line Exp./Theor. = 1, which could be ascribed to the influence of nuclear 
structure pointed out by Church and Weneser. As a rule, however, these points 
correspond to less reliable experimental data. Inversely, the most careful measure- 
ments lead to points fitting the line within the limits of error. The conclusion is 
that in order to confirm any type of nuclear size effect from conversion ratios of the 
multipolarities concerned the precision of electron intensity measurements must in 
general be considerably improved. It should be remembered that the values quoted 
in this paper have been taken from different investigators. An accurate systematic 
investigation of the conversion ratios of the “‘pure’”’ multipole transitions listed in 
Tables 13-16 is strongly suggested. 

- Finally a few words ought to be said about the #3 transitions. In an early phase 
of the present work a very striking discrepancy, showing a systematic trend with 
transition energy and amounting to more than 50% at low energies, was discovered 
between experimental and theoretical (L, + Ly)/Lyy ratios [3A57e]. Different ways 
of explaining this anomaly were discussed in the paper referred to, but no plausible 
explanation was found. A recalculation of the Ly; coefficients [3R56] later turned 
out to remove the discrepancy. As seen from Fig. 28, however, there is still a slight 
tendency of the Exp./Theor. ratio to decrease towards low energies, but the devia- 
tion of these few points may as well depend on experimental errors. 
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